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__ASTUDY OF THE LOCOMOTIVE FRONT END, INCLUDING 
Rene TESTS OF A FRONT-END MODEL — 


I. INTRODUCTION 


1. Necessity for High Draft—tThe space limitations of a locomo- 
tive are such that, in order to produce the power required, coal must 
be burned at a rate very much higher than in stationary power- 


plant practice, and this requires a draft far more intense than can be 


obtained by natural means: either forced or induced draft is essential. 
The first locomotives constructed were characterized by a feebly burn- 


_ ing fire that provided a steam supply only sufficient to permit speeds 


of three or four miles per hour, and by a noisy exhaust. In 1815, 
George Stephenson,* under threat of civil action, turned the exhaust 


_ of his locomotive “Blucher” into the chimney as a means of silencing 


liaise ieee 


ita 


aa ati 


it, and found that the evils of small steam supply and exhaust noise 


were both cured thereby. As late as 1829 locomotives were still being 
constructed with bellows or fans for supplying the air necessary for 
combustion; in that year the “Rocket” demonstrated so conclusively 
the merits of the various features of Stevenson’s design (including the 
use of the exhaust blast to produce draft) at the famous Rainhill 
Trials, that all other methods of producing the rate of combustion re- 
quired were discarded, and even at this date no substitute is in sight. 


2. Object of Investigation—The “Front End” of a locomotive is 


all that portion comprised in the extension of the boiler shell ahead 
of the tube body, including the shell itself, the internal partitions, 


netting and baffle plates, also the exhaust pipe and exhaust tip or 
nozzle, and the smokestack with its extension, lift pipes or petticoat 
pipes, if used, etc. Figure 1 shows a typical front-end arrangement, 
with the nomenclature indicated. A century of experiment has been de- 
voted to this portion of the locomotive in the effort to improve its ac- 
tion, and the remarkable thing is that so wide a variety of arrange- 
ments has been found reasonably satisfactory. The object of the 
present investigation is to add to and systematize the empirical infor- 
mation available; to this end investigations made by others have been 

ae ee aes of ph auditred bier, though within tho. realm of 
possibility where stokers, powdered or liquid fuel are used. (See Proceedings, International Railway 
Fuel Association, 1927, p. 247, and 1928, p. 402.) Induced draft involves the moving of great volumes 


of hot, corrosive, and abrasive gas; no successful attack has been made on the difficulties of a design 
of fan adequate for the requirements of American locomotives. 
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Fig. 1. Front Enp or U.S.R.A. MiKkapo-Typre Locomotive 


reviewed, and the results of a large number of tests made at the Uni- | 
versity of Illinois on a specially constructed front-end model are ana- 
lyzed. This has been done with the purpose of learning the laws gov- 
erning the production of draft and the movement of air and gases 
through the front end, or, more properly stated, to study the laws 
governing gas movement, and incidentally note the draft obtained~ : 
under different conditions. 


3. Results——It is not possible to summarize the results of the in-. 
vestigation in an introductory chapter; the reader is directed to con- 
cluding sections of the succeeding chapters for summaries, and to the 
final chapter, largely devoted to recapitulation. In later chapters will 
be found descriptions of the model, together with notes on some of 
the objections which might be-raised as to the validity of information 
secured by its use; a summary of the most important historical re-_ 
search on the various phases of the front-end problem, and general 
reviews of the information gathered from locomotive tests and those 
made on the model. 


ledgments. _The conception and general plan of the in- | 
iga ate baie the original design of the model are due to Epwarp 
r SCHMIDT, Professor of Railway Engineering, to whom is also due 
acknowledgment for many suggestions as to procedure and methods, 
= ind help in the organization of the information obtained. The od 
was constructed under his direction and that of Mr. H. N. Parkin- 
son.* The investigation was forwarded materially by the work of 
Mr. D. L. Fisxe,} by whom much fundamental work was done, both * 
in the historical phases, and in the operation of the model and inter- xe 
pretation of the results secured therefrom. Three Graduate Assistants, S 
‘Mr. K. Y. Cuen,t Mr. C. P. Pet,{/ and Mr. N. H. Barnarp,§ rendered 
_ valuable assistance in obtaining the data from the model, and in cor- 
relating and plotting these data. 
This research has been a part of the work of the Engineering Ex- 
periment Station of the University of Illinois, of which Dran M. 8. 
_ Kercuvm is the director, and of the Department of Railway Engi- 
neering, of which Pror. Epwarp C. Scumi1ptT is the head. 


II. FUNDAMENTALS oF ACTION oF ExuHaust JET 


5. Working Principle-—The principle upon which the exhaust jet 
works is the familiar one found in the steam injector, and in vari- 
ous forms of ejectors, such as the air-ejector formerly much used for 
ventilation purposes. The kinetic energy of the steam jet is imparted 
to the surrounding gases in the front end to produce sufficient velocity 
in them to move them out of the stack opening at high speed, and also 
in doing so to permit them to overcome the difference in pressure be- 
- tween the front end and the atmosphere, this difference being the 
“draft.” From an energy standpoint the process is a very inefficient 
one; a portion of the mechanical energy of the steam of the order of 
five or six per cent is required to produce the necessary velocity of 
flow in the gas, and the much greater thermal energy in the gas and 
steam cannot be used at all: the useful work in the front end therefore 
represents but a few tenths of one per cent of the energy available.** 


EE ee 


6. Theories of Exhaust Jet Action—Several theories as to the ac- 
tion of the exhaust jet have obtained at different times. One long 


*Mechanical Engineer’s office, Missouri-Kansas-Texas Railway, Parsons, Kansas. 

+Secretary, American Society of Refrigerating Engineers. 

{Works Manager, Hsiku Shops, Tientsin Pukow Railway, Tientsin, China. 

New York Air Brake Company. 

§Professor of Mechanical Engineering, Tennessee Polytechnic Institute. 

**The energy in the front end corresponds to about ninety per cent of that in the coal fired, or 
even more, the largest portion of this being represented in the latent heat of the exhaust steam. The 
only possible use of this heat energy in the front end is to heat the feedwater, or to preheat the air for 
combustion, the former salvaging about ten per cent of the energy, and the latter not yet having been 


found practicable. 
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that the steam discharged by successive pulsations in some manner 


- pushed column-like sections of the gas into the stack between suc- - 


cessive “slugs” of steam, thus removing the gas from the front end. 
This theory is completely discredited at present, as it has been shown 
(and will be further demonstrated in the model experiments herein 


reported) that the draft action for a given front-end arrangement is _ 


dependent on the quantity and velocity of the steam discharged, and 
substantially the same results are obtained with pulsating as with 
continuous flow. A second prevalent idea is that the gases flow into 
the steam jet emerging from the nozzle and mix with it; and a third 
theory is that surface friction between the jet and the surrounding 
gases causes a mantle of the latter to form around the jet, the gases 
thus being moved out of the stack by. a process of entrainment. That 
both of the latter theories are true will be later shown. 

The steam emerging from the mouth of the nozzle expands with 
almost explosive violence, and into the vacuum thus formed in the 
interior of the jet considerable quantities of air or gas flow, and this 
movement of gas in the direction of the jet also promotes the action 
by surface friction. The gases flowing toward the jet are set in motion 


by the latter as a car or train sets the air around it in motion; as the ~ 


jet spreads and the outer “surface” becomes “rougher” this action in- 
creases. A certain amount of the steam having come into contact with 
the air and lost much of its velocity surrounds the main stream of 
steam, soon rendering its boundary indistinguishable, and in this way 
the jet comes to “fill the stack.” At the choke of the stack the air or 
gas surrounding the main stream of mixture is slightly compressed, 
giving a final small acceleration to the mixing process, which goes on 


to completion at some higher level if the stack is properly designed. ~ 1 


Most of the action described is clearly visible in the model used in 
the tests later described, and it is further evident that both the mix- 
ing and surface actions continue after the mixture of steam and air 
leave the stack, as anything within the range of the action is drawn 
along by the stream and driven out through the discharge duct above 
the model. The path of the visible particles thus entrained proves that 
the action of the emerging mixture is analogous to that of the jet 
below the base of the stack. 


7. Empirical Knowledge Concerning Front-End Design and Action. 
—Stephenson learned the efficacy of the exhaust blast as a draft pro- 
ducer when he turned it into the stack of his locomotive to avoid 
frightening cattle. Judging from the sizes of the exhaust pipes of 


popular may be termed the “piston theory,” in which it was believed — 
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early locomotives, the back pressure must have been very high. The 
steam blast was introduced into the stack itself for many years, and 
continued thus in continental locomotives until after the beginning 
of the present century. In British and American practice the nozzle 
_ was lowered, only a little in the former case, but in the latter to about 
the center-line of the boiler, and lift-pipes or petticoats were placed 
above it to stimulate the draft action. Inside extension stacks ap- 
peared when boiler diameters were increased to an extent which pre- 
vented adequate stack-height being secured outside of the smokebox. 
; Practice in various countries differs greatly, European design still 
: tending toward a nozzle set high in the smokebox and very little in- 
side extension of the stack. 
c There are two items of information with regard to front-end per- 
formance which can be considered as common property: the knowledge 
_ that, with the same discharge of steam, a greater draft can be secured 
. by the use of a smaller nozzle, and also that the increase of stack 
height improves the performance of a front end otherwise unaltered. 
_ A third fact becomes apparent to anyone making even a cursory study 
of the front-end arrangements actually in use: a wide range of de- 
signs, appliances, and arrangements can be more or less satisfactory, 
and can be operated without outstanding differences in performance. 
There are, of course, a number of other matters which are well under- 
stood by those to whom the subject is of direct concern: 

(1) It is generally understood that tapered stacks give better re- 
sults than straight stacks, this fact having been emphasized in all of 
the reports of the Master Mechanics’ Association dealing with the 
subject. Belief in this fact has apparently been strong enough to cause 
several railways, with whom the straight stack was formerly a sort of 
trade mark, to change to the tapered stack.* 

(2) It is generally known that with most locomotives stack di- 
ameters can be increased advantageously, and that there has been in 
recent years a tendency to apply stacks of too small diameter. There 
is also apparent a considerable belief that the diameter of the stack 
really makes little difference.f 

(3) The importance of the air-tightness of the front end has been 
stressed so often that, in theory at least, this requirement is under- 


stood.£ 


*See for example the 1906 report, later referred to at length. F , 

+The 1906 report referred to is directly responsible for the idea of the unimportance of diameter, 
the statement being made therein that with certain other combinations of dimensions, a difference of 
two inches either way from a certain diameter caused a negligible variation in the performance. 

tGeneral understanding of this fact, however, has not been sufficient to prevent attempts to 
market several devices of the type of the ‘‘draft equalizer,” ‘‘vacuum reducer,” etc., where the. device 
merely opened (automatically or otherwise) a large hole in the front end for the sole purpose of destroy- 


ing the vacuum produced at so great a cost of energy. 


+ } - 
conducted road tests could add much to the information thus avail- — 
able, and it is certain that no addition has been made by many other- j 
wise well-conducted laboratory tests, where either incomplete or ob- | 


“ viously erratic data have made impossible any conclusions with regard ’ 
% to draft action and gas flow. | 

- 
E 8. Basis for Comparing Front-End Performance—Historically it — 


is to be noted that investigators have been mainly concerned with the — 
draft produced, and those arrangements were considered most advan- 
tageous which produced a high draft. For a given locomotive with 
the resistance to gas flow through grate, fire bed, tubes and front end 
constant, the draft furnishes a fair basis of comparison. It ceases to 

be valid as such if fire conditions differ, or if any other variation in 
conditions affects the other resistances. The real function of the front 
end is not to produce draft, but to draw air through the grates and © 
fire, and to move the combustion gases through the firebox, tubes, and 
front end. Quantity of air or gas moved is a valid basis of compari- 
son under all conditions; draft is a valid basis only under limited con- 
ditions. Draft is a secondary consideration; and it therefore may be 
said, paradoxically, that the efficiency of what are generally called the 
draft-producing appliances is measured not by the draft produced, but 

by the amount of gas moved. This becomes readily apparent in the 
following example: suppose that under certain working conditions a 
given draft is produced by a given front-end arrangement, discharg- 

ing a certain flow of steam. If now the resistance to gas flow through 

the fire (or elsewhere) were greatly increased, the draft would rise to _ 
very high figures, but the fire might go out from lack of air for com- 
bustion. Draft is valid as a basis for comparison in the case of a a 
single locomotive, fired in such a way that the resistance to gas pas- a 
sage is either constant or varies according to some constant law, which 
would practically limit the usefulness to tests in which powdered or 
liquid fuel is fired. In other words, useful comparisons on a draft 
basis are confined to those cases in which the performance of the draft 
appliances may be considered alone. 


9. Action of Draft in Firebox, Tubes, and Front End.—A locomo- 
tive proceeds along the track under the action of a given amount of 
steam, the speed and cut-off being determined by the relation between 
steam supply, economy of the cylinders, and the trailing load. Under 
these conditions an equilibrium is set up among the following quanti- 
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constant resistance in tubes and front end, the temporary 
va ue of the variable resistance through the grates and fire, the firebox 
FS mperature, the air drawn through the grates, the steam supply, and 


| rate of firing coal. The variable fire resistance is a combined re- 
sult of fire thickness, fineness of the coal, clinkering and fusing proper- 


ee 


ties of the coal and ash, the nature of the ash under the fire, etc. For 
8 given arrangement of draft appliances, the variation of any element 
in this equilibrium will result in a temporarily unstable condition, and 
then the attainment of a new equilibrium with two or more conditions 
different from those of the former state. For a given locomotive, the 
flow of steam is the element which will have the greatest effect in de- 
termining the equilibrium relation, governing all of the other conditions 
except the quality of the coal. If a change in conditions which requires 
an increased flow of steam occurs, such as lengthening the cut-off 
without reducing the speed, additional heat must be liberated to pro- 
vide the additional steam required, otherwise the steam pressure will 
fall. The increased steam discharge draws more air through the fire, 
_ the draft is increased, and the firebox temperature falls. To maintain 
i 


the increased steam flow required, the firebox temperature must be 
raised. The accelerated firing rate will tend to thicken the fire and 
increase its resistance. Increased resistance in turn will further in- 
erease the draft and decrease the air flow slightly; the air flow at the 
higher rate will be greater in the total but less per unit of coal fired. 

As an illustration of the relations existing between steam flow, flow 
of gas, firing rate and draft, the relations for three pairs of these 
quantities have been plotted for two Pennsylvania engines.* These 


*These are the L-1-s (2-8-2) and the K-4-s (4-6-2), tests on which are reported in Bulletins 28 and 
29 of the Test Department of the railway. Data for air and gas flow are not given in the bulletins, 
but are calculated from the analysis of the flue gases for each test. If Oz and Na are the respective 
percentages of oxygen and nitrogen in the flue gas, the ratio of air actually used for combustion to air 
theoretically required is yi 
Air Used Ne R 


Air Required | No — 3.7802 _ 


The air theoretically required for the combustion of one pound of coal is given by the expression A = 
11.6C + 34.8H, where C and H are respectively the percentages of carbon and hydrogen shown by the 
ultimate analysis of the coal. A less amount of air per pound of coal is really required on account of 
the combustible matter escaping unburned, and the carbon losses must therefore be either known or 
estimated. In the present case the carbon loss in the ash is estimated as 4.5 per cent; the loss in cinders 
is taken as numerically equal to the quantity 

(Draft in firebox X 5) X F/100 


where F is the firing rate in pounds of dry coal per hour. Both estimates give results in close accord 
with those found in tests of other locomotives with coal similar to that used in the L-1-s and K-4-s 
series. If the total carbon loss is L per cent, the air theoretically needed to produce the combustion 


which actually occurred is therefore 
F(100 — L) 


100 


Multiplying this expression by R gives the total air per hour admitted; the total product of com- 
nation in a to the total air plus a fraction of the weight of the coal which appears in the gas, which 
in the present case has been estimated as 90 per cent. The two locomotives considered had identical 
boilers and front ends; the coal used was slightly different but the theoretical air for combustion is 
practically the same. The calculations are omitted on account of their bulk, but are extremely simple. 
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are shown in Fig. 2, where draft, weight of combustion gases, and 
steam evaporated per hour are plotted against the firing rate. Points 
of high gas flow for a given firing rate correspond to points of low 
efficiency, that is, to points below the average relation between firing 
rate and evaporation, and also to points of low draft; tests showing 
low air flow (and usually high draft) give results close to the average __ 
evaporation curve. 


Pe es DY OF THE LOCOMOTIVE FRONT END 
- Peas Pahaods EXPERIMENTS AND INVESTIGATIONS* 
10. Early Experimenters—No record can be found of any experi- 
m ental work carried out by Stephenson or his company in the hope 
of improving the action of the exhaust jet, but the importance of this 
phase of locomotive operation resulted in several early investigations 
and almost continuous research on the subject for many years. Among 
the earlier investigators of the front end were the Count de Pambour, 
Le Chatelier, Polonceau, Gouin, and D. K. Clark. The work of the 
latter was extensive and systematic; his conclusions are quoted by 
Herr Troske whose work is later summarized. These, in general, are 
of no current interest, but some of Clark’s constants will be later 
quoted. 


11. Zeuner’s Investigation—In the early sixties, Dr. Gustav Zeuner 


carried out extensive experiments with a front-end model.t His “front 


_ end” was a tank 22% inches in diameter and 19 inches high, with ex- 
_ haust nozzles of 10 and 14.14 mm. diameter, and cylindrical stacks of 

40, 80, 100, 120, and 150 mm. diameter and of adjustable length. The 
_ tests were run either with the tank air-tight, in which case the vacuum 
was very large and extremely sensitive to changes in the stack-and- 
nozzle arrangement, or with a certain area of air-inlets open, a con- 
dition which gave much lower vacuum but was more nearly analogous 
to locomotive conditions. His media were steam throttled from fairly 
high pressure, and atmospheric air. The first conclusions published (in 
a preliminary note in 1859) were as follows: 

(1) The distance from the nozzle to the bottom of the stack af- 
fected the induced air flow only slightly, provided the distance was 
such that the, entire steam jet entered the stack. 

(2) The results of preliminary tests made on a smaller apparatus 
were so similar to those from the final apparatus that it was evident 
that the cubical capacity of the front end did not greatly affect the 
results. 

(3) When the stack was shorter than three diameters, the steam 
jet failed to fill it, and there was a back flow of air into the smoke- 
box. 

(4) For stacks of over 30 diameters in length the effect of fric- 
tion resulted in decreased efficiency; for lengths of from three to 30 
diameters, stack length had little effect. 

*Appendix H furnishes a summary of all of the notation used in this chapter. 


+Zeitschrift der Verein deutsche Ingineure, Vol. 8, (1863). Also published in book form in the 
same year. (Das Lokomotiven Blasrohr.) 
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Zeuner then undertook to solve the following rates 
(1) What is the relation between the steam pressure and the opera- 
tion of the jet? aes 

(2) What is the relation between the respective areas of the nozzle, 
stack and tubes? < a 

(3) What is the relation between steam jet pressure and draft, and — 
how do smokebox and nozzle resistance affect the relation? 

For the closed tank, he found that the draft varied directly wie 
the steam pressure, and inversely with the ratio of stack area to © 
nozzle area. For the open tank, he presented tables and curves show- 
ing the relation between steam pressure and draft for two nozzles, 
five stacks and five different values of the air opening, with a series — 
of steam pressures for each case. The principal conclusions were that, 
for any given air opening, draft varied almost directly with the steam 
pressure, and was also affected by the stack-nozzle area ratio, but to 


there was a best value of the ratio of stack area to nozzle area. 
Zeuner recognized the importance of using air flow rather than-draft — 
as a criterion, and established equations by which the former may be 
calculated when the draft and air opening are known. He also showed 
that, for any ratio of stack area to nozzle area, there is a limit be- 
yond which further opening of air inlets adds practically nothing to 
the flow. 

Zeuner’s theory is summarized by Strahl (whose investigation is 
mentioned later) as follows: 


“The steam shooting through the smokebox carries the gases along with it by 
friction and mixing and proceeds to overcome the excess pressure on its way to the —— 
outside air. The work concerned appears in the difference between the energy of the 
steam at the nozzle tip, and the energy of the steam and gas mixture at the top of — 
the stack, and thus part of the exhaust energy is put into use. If there were no loss 
of energy between the two points the velocity could all be charged to draft. With a 
given draft and steam consumption the energy content of the mixture is greater as 
the nozzle (and hence the stack) are made smaller. Small nozzles, however, result in 
a greater proportion of the energy of the steam in the cylinders being required to 
produce the draft, this energy showing in higher exhaust pressures. The steam jet in 
striking the wider stack experiences a ‘shock loss’ which is larger in proportion to the 
diameter of the stack. The wider stack has the advantage of the lower steam-jet- 
pressure requirement, which is partially offset by the ‘shock loss’ at the lower end, 
hence a stack should be narrower at the bottom than at the top. The narrowing at 
the bottom is limited by the condition that all of the steam must go into the stack, 
lest some go off into the smokebox, eddying and spoiling the draft. There is An. 
energy expended in accelerating the smokebox gases, which is larger as the stack 
opening is smaller. In any event, the loss in energy is less with the conical type of 
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and 2 » larger nozzle is allowed. The conical stack will draw more air for a given 


ici a a ae 
ount of steam: this condition is stated because any stack can be made to draw 


> air (at the expense of the engine) by making the nozzle smaller.” 


12. Work of Nozo and Geoffroy—Shortly after the publication 
the results of Zeuner’s work appeared the report on the investiga- 
tion of Nozo and Geoffroy,* originally presented before the Société 
des Ingénieures de France. The apparatus which these investigators 
{ used was similar in general to that-of Zeuner, but smokebox gases 
were used in place of atmospheric air. The following variations in ar- 
_YTangement and operation were provided: 


Area for entrance of smoke, 20 to 320 holes, 9 mm. in diameter. 

Diameter of exhaust nozzle, 10 to 56 mm. 

Diameter of stack, 35 to 202 mm. 

Steam pressure, 50 to 600 mm. of mercury (1 to 12 lb. per sq. in.) 
From their model tests the following conclusions were reached: 

(1) Other things being equal, the draft or gas flow increased with 

the height of the stack until this reached seven or eight diameters, and 
thereafter the flow was practically constant. A conical stack entrance 
_ had no noticeable effect on the performance. 
(2) If there was a proper relation between the diameter and height 
of the stack, the distance from the top of the nozzle to the bottom of 
the stack had practically no effect on the performance, even though 
this distance was varied through a considerable range. If the distance 
was made less than two or three times the nozzle-diameter, the per- 
formance fell off rapidly. 

(3) The extension of the stack into the smokebox had practically 
no effect, unless the extension was made so long as to interfere with 
the flow of gas into the tank. 

(4) The use of multiple stacks and nozzles showed no advantage 
for any condition or arrangement. 

(5) For any combination of other conditions there was a best stack 
diameter, but in the neighborhood of this best diameter some range 
of variation was possible without much effect on the results. 

(6) If all conditions but those of stack size and steam pressure 
were kept constant, the dimensions of the best stack did not change 
with the pressure. For a given stack under these conditions, the weight 
of the gas and the draft increased with the pressure (i.e., with the flow 
of steam), and the ratio of gas to steam decreased. If the gas passed 


*Investigation of the Best Arrangements of Locomotive Smokestacks, by A. Nozo and O. Geoffroy. 
-Der Civilingenieur, Vol. 10, (1864), page 271. 
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and the steam pressure were kept constant, the best stack diameter : 
changed slightly with the nozzle diameter, but not proportionally; for — 


a given stack and pressure, the weight of gas and the draft increased 


with an increase in the nozzle diameter, but the ratio of gas to steam ~ 


decreased. With equal air flow and steam flow, the former increased 
with decreasing nozzle diameter and hence increasing steam velocity, 
and the best stack diameter varied slightly with the nozzle. 

As a check on some of their model work, the investigators ran a 
series of tests on a passenger locomotive, in which stacks of various 
diameters were applied, the front end remaining unaltered otherwise. 
They found that, of the large number of combinations tried, a ratio 
of stack area to nozzle area of 11.5 gave the best results; with ratios 
of 8.4 and 13.2 the results were inferior, but the locomotive was able 
to make its scheduled run; with ratios larger and smaller operation 
was impracticable. 


13. Research of Troske and Von Borries.—This series of experi- 
ments* represents a monumental attempt to study all phases of the 
front-end problem in a more complete and scientific manner than had 
been done in any previous investigation. These tests are known as 
the Von Borries-Troske Tests, as they were sponsored by Dr. Von 
Borries. The report begins with a summary of previous investigations 
of the subject, in which the researches of Clark, Zeuner, Nozo and 
Geoffroy, and Prussmanf are considered at some length. The con- 
clusions of all of these investigators are severely criticized or dis- 
counted, some on the basis of inadequate apparatus, others on the 
basis of incorrect theory or assumptions. The main purpose of the 
paper is to report a series of tests carried out on a model consisting 


of a cylindrical “smokebox” with axis vertical, on which could be _ 


mounted interchangeable full-size stacks, and within which was placed 
a full-size exhaust nozzle (several different diameters being used) 
which had a considerable range of vertical movement. The tests were 
conducted with a continuous flow of steam supplied by an adjacent 
boiler, drawing atmospheric air into the smokebox through openings 
of controllable area. A large number of stack and nozzle combinations 
were possible; through most of the tests eighteen different stacks and 
five nozzles were used. Each stack had telescopic sections which could 
be removed as desired, and the distance between the top of the nozzle 
by ‘Tnepelion Tvoske of the Gannan iale. Rallwapecpapiiel cncety (nie 
eouipictey aera pee. American Enginege Fase Resleoag: jotrnal serially through Vol. 10 (1896). 

eferred to herein. His experiments were conducted with 


a very small model, and were principally concerned with the development of a stack involving a com- 
bination of several different tapers. His contribution seems unimportant. 
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and the bottom of the stack could be varied through thirty inches. 
Figure 3 with its accompanying table shows the dimensions for the 
standard series of stacks of full height, and hereafter these will be re- 
ferred to by the designations in the table, which are arbitrarily derived 
from the figure numbers of the original paper. The nozzle diameters 
ranged from 3.94 in. to 5.51 in. The various relations studied will be 
listed and the conclusions stated with such comment as seems 
pertinent. 

(1) The relation between draft and back pressure: this was proved 
to be a linear relation up to pressures of 200 mm. of mercury (2 lb. 
per sq. in.) for any stack-and-nozzle combination, as a preliminary to 
other investigations; this made it possible to draw conclusions as to 
the merit of any combination from the results secured from a single 
steam pressure, and consequently 200 mm. pressure was taken as a 
basis of comparison for all of the arrangements. 

(2) Relation of draft to nozzle diameter: for various nozzles and 
the same stack, the steam flow increased with the square of the nozzle 
diameter, but the increase in draft corresponding was only about one- 
half that of the steam flow; for example, doubling the steam flow re- 
sulted in fifty per cent increase in draft. 

(3) The effect of stack taper: for each nozzle a comparison is 
made of the results obtained from stacks 15a, 16c and 17c (see Fig. 
3), all having the same minimum diameter, but different taper. In 
every case the results from 17c (taper 1 in 6) were inferior to those 
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from 16c "deeds 1 in 12). The canine stack (15a) gave the sat 
results with the smallest nozzle (diameter ratio 3.5 to 1); results 
equal to those for the 16c for the diameter ratio 3.2 to 1; results in- _ 
termediate between those for the two tapered stacks for diameter 
ratios of 2.9 to 1 and 2.7 to 1, and inferior to those for the 1 in 6 ~ 
stack for a ratio of 2.5 to 1. The minimum stack diameter for the _ 
group was 13.78 inches. When the experiments were repeated with 
stacks with a minimum diameter of 15.75 inches, (15c, 16e, 17e) the 
cylindrical stack was superior for all nozzles, though for the range 
of practical values of F* the superiority is insignificant. The con- 
clusions may be generalized thus: if the stack diameter is as great 
as or greater than 3.2 times that of the nozzle, a cylindrical stack will 
give results as good as those which may be expected from a conical 
stack of the same diameter at the top of the conical connection to the 
smokebox (i.e., same choke diameter). 

(4) Effect of the distance of the nozzle below the smallest, or 
choke, diameter of the stack: this effect was studied with five nozzles 
and the fifteen stacks of the 15-16-17 series, all using the same air 
inlet openingf and the same steam pressure. The general results of 
varying the dimension in question for any stack-and-nozzle combina- 
tion are similar: for the smallest distance possible, which is 19 inches 
(the smokebox connection being 17.5 inches high, this represents an 
F of 1.5 inches), a certain draft was produced which increased as the 
stack and nozzle were moved farther apart up to a certain distance at 
which a maximum draft was obtained: after this point further in- 
crease of the distance caused a decrease in the draft. The curve show- 
ing the draft on a distance basis is quite flat, and the maximum draft 
point or “crown” of the curve represents only a slight variation from 
the results secured for a considerable range of nozzle positions. In 
Table 1 the location of the “crown” is shown for each stack and nozzle 
combination, but the figures have been reduced to a basis of the 
distance F for easier comparison, rather than to the basis of the 
distance of the nozzle below the choke. 

From this table it will be seen that for all of the stacks, except- 
ing a few of the smallest diameter, the performance improves as F 
increases through a considerable range, the best results being obtained 
with F equal to one-and-one-half stack (choke) diameters, or slightly 


*F is the distance from the top of the nozzle to the base of the stack or stack extension, and is 
so used throughout this bulletin. 

{The air inlet opening was originally fixed by setting the steam jet pressure at the standard 
figure, with an arrangement of stack, nozzle, and F, as used on a certain locomotive for which complete 
test results were available; the air opening was then adjusted to obtain the actual draft in the front 


end found for that locomotive for the given pressure. This air opening was maintained throughout 
the entire investigation. 
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more for the smaller nozzles. In all cases F may be increased or de- 
creased several inches without significant difference in the draft pro- 
duced; in some cases the performance curve is so nearly horizontal 
that this increase could be carried to the maximum distance without 
significant change. 

From the drawing of the apparatus* used by Troske it is evident 
that the movement of the nozzle by means of the vertical movement 
of the blast pipe itself is limited to about 13 inches; the remainder of 
the 31 inches of total movement was secured by the use of rings 
between the smokebox and the base of the stack. Where either method 
could have been used to obtain the desired movement, there is no in- 


‘dication as to which was actually employed. The movement of the 


nozzle itself is ingenious and less open to criticism, though there would 
certainly have been some stack effect from the walls of the tank, only 
one-and-one-half times the diameter of the stack base. The use of 
the rings to raise the stack base changed the form materially, and all 
conclusions in this category are open to question. 

(5) The relation between stack form and F: to study this question, 
results from stack forms of equal minimum diameter are compared 
for the various nozzles operated through the entire range of vertical 


*American Engineer and Railroad Journal, Vol. 10 (1896), p. 27. 
It is of interest to note that M. Legein (see Section 18) criticizes these arrangements very sharply. 
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TABLE 2 


RANGE or VALUES FoR F TorovueH Wuicu Eacu TyPE OF | 
Strack Gave Brest Drarr Resutts 


From Von Borries-Troske Tests : 
Nozzle Diameter, in. 
Stack — 
; 4.75 5.12 | 5.50 
Designation 
A Percentage of the Maximum F Through Which 

Diameter, in. Type Taper Each Type of Stack Gave Best Results 
l5a 13.78 Cyl. Nones?o i}! saceae!!) ak tle 4) eee 

16c Taper 1/12 0-65 0-55 0-45 
17c Taper 1/6 65-100 55-100 45-100 
15b 14.76 Cyl. None 0-29 OI |) Shee 

16d Taper 1/12 29-78 13-71 0-55 
17d Taper 1/6 78-100 71-100 55-100 

15c 15.75 Cyl. None 0-42 0-32 0-25 

16e Taper 1/12 42-85 32-78 25-68 
17e Taper 1/6 85-100 78-100 68-100 


positions. Table 2 shows the range of F (in terms of percentages of 
the maximum value of 31.5 inches) through which each type of stack 
gave the maximum draft. Air inlets and steam pressure are constant 
in all cases. 

It will be seen from the table that the largest value of F for which 
the cylindrical type of stack gave the best results is 13 inches, cor- 
responding to 42 per cent of the maximum value, in the case of stack 
15c. Values of F greater than 24 inches or 75 per cent are of no in- 
terest in American practice; hence the cylindrical stack is practically 
ruled out, and the stack with 1 in 6 taper is only of interest in the 
smaller diameters. Within the range of F = 12 to 24 inches, or 38 to 75 
per cent of the maximum, the stack with 1 in 12 taper has almost a 
monopoly. 

(6) Stack height: all of the stacks shown in Fig. 3 except 15a, 16c 
and 17a were constructed so that successive sections could be removed 
from the top, the stack being thus shortened by 11.8, 19.7 and 27.6 
inches. Each of the four possible heights for every stack which could 
bé thus varied was tried with the five regular nozzles and a range of 
F values from minimum to maximum. For the cylindrical stacks it 
was found that for the smaller values of F, the reduction in height 
resulted in a somewhat more than proportional reduction in the draft 
produced, but as F was increased, the reduction in height produced a 
less pronounced reduction in draft; with the maximum value for F, 
a 48 per cent reduction in height resulted in only 10 per cent loss of 


A STUDY OF THE LOCOMOTIVE FRONT END 25 


eat For the conical stacks of the flared base type (series 16 and 
17) the reduction in draft for small values of F was the same as for 
the cylindrical stacks; for greater values of F the draft loss was re- 
duced but still Peianed considerable: at maximum F, the 48 per cent 
reduction in height entailed 25 per cent loss of draft. Tests on the 
type of stack without the conical base (series 18) similarly shortened 
: and that, for the major portion of the range of F, the draft curve was 
a straight line, that is, the draft for any given stack height varied di- 
“rectly with F. For any given F the variation of draft with stack 
height was similar to that found for the stacks of series 16 and 17, but 
the results were markedly inferior. 
(7) Nozzles with various forms of channels: it was found that, 
if nozzles had openings of the same shape and diameter, the form of 
channel through which the steam passed had “no noteworthy effect” 
on the performance. Nozzles with plain conical channels, with re- 
duced taper at the mouth (cylindrical exit) and with a shoulder or 
sudden reduction in diameter in the mouth were considered in the tests. 

(8) Bridge nozzles: it was found that the use of a bridge nozzle 
was advantageous, especially in cases where the distance F could not 
be made large enough to obtain the best performance with the ordi- 
nary nozzle. 

As a result of the tests the following general conclusions were 
reached, and certain design formulas established: 

(1) On any locomotive with a given nozzle the same draft can be 
produced by means of a number of different stack arrangements. 

(2) The stack which will give best results on an actual locomotive 
cannot be determined in the laboratory; only the draft efficiency can 
be thus determined, and the stack producing the highest draft may not 
be the best in actual service. (That is, the draft may be too great.) 

(3) For equal results, the diameter of a cylindrical stack must be 
greater than the minimum diameter of a tapered stack, suitable for 
the same operating conditions. 

(4) For a fire area through the tubes K and a grate area R, the 
smallest diameter of a conical stack should be (0.0023 k + 0.310) K, 
and the diameter of a cylindrical stack should be 22 per cent greater. 

(5) For the same top diameter, the cylindrical stack is the least 
effective draft producer, but with adequate diameter the cylindrical 
stack is in no way inferior to the tapered stack. 

(6) The area of the nozzle should be %;5 the fire area through the 
tubes, or %4 that of the corresponding conical stack at the minimum 


diameter. 
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(7) ee distance from the choke of the stack to the LO p 


choke. (This seems a surprising conckanae ; the Hien may h 
meant that the 1.5d should be the distance F below the base oe 
stack, but the wording is clear as stated.) i 
(8) The height H + F should be from 4 to 5 times the minimum | 7 
stack diameter, but it may be increased some inches if space is avail- 7 
able. 
(9) When the distance H + F is known, it should be divided be- 4 
tween | and x (see Fig. 3) in the ratio of about 2 to 1. oe 
(10) The shape of the base of the stack is of little importance 
provided the opening is large enough; however, if the stack is ex- — 
tended down into the smokebox, a flare on the bottom is advantageous. — 
(11) For a stack of taper other than 1 in 6, the cross section of © 
the stack at a point half way between x and the top of the stack 
should be equal to that of the 1 in 6 stack at the same height had the © 
latter form of stack been used. 
(12) In studying the draft action of a locomotive and considering — 
its improvement, the stack and nozzle must always be studied together. _ 
The conclusions as listed are not taken verbatim from the paper, 
but embody Troske’s formal conclusions, also certain notes of im- 
portance which he presents with them and the design formula he 
suggests. All the phenomena observed are explained on the basis of the ~ 
inductive or frictional action of the steam, and this stresses the 
necessity for providing ample room for the surrounding mantle of — 
gas or air. Troske finds by measurement that the widening of the jet — 
is about 1 unit in 2.5 above the mouth of the nozzle, which is constant 
for all pressures; the only difference in form for various pressures is 
that the jet maintains its definite boundaries up to a point further” 
from the nozzle with each increase of pressure. 


14. Report of Quereau and Sawvage—Mr. C. H. Quereau was ap- 
pointed a reporter on draft appliances to the International Railway — 
Congress of 1900, and in the Bulletin of the Congress for December, 
1899, he presented a report in the form of a digest of a decade’s ex- 
perimenting and progress in front-end design.* This contrasts the re- 
sults of the Von Borries-Troske tests with those obtained from the 
tests in the Purdue locomotive laboratory (considered later in this 
chapter). Although his information on the former research was evi- 


*Abstracted in the American Engineer and Railroad Journal, Feb., 1900, p. 55. 
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he criticizes ihe. pootlnsinns with regard to the use 
u ae the effect of various forms of nozzle opening on 


from aie “i of the me 
6 [. Sauvage of the French railways was also a contributor to this — 
rep rt, making an extensive survey of variable exhaust nozzles and 
0 ot] er methods of controlling the draft. This part of the report was 
bstracted in the Railroad Gazette,* and editorially commented upon 4 
: to the effect that there was no hope of the controlling devices being 
practically adopted in America. 
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15. Symington’s Experiments—In October, 1903, Mr. T. H. Sym- * 
ington presented a paper before the Richmond Railway Club deserib- 
ing a series of model front-end tests.t The model used was a quarter- 
size reproduction of the essential front-end parts for a locomotive 
having 19 by 26-in. cylinders, and was generally similar to that used 
for the tests on which later chapters of this report are based. The 
“front end,” however, was an empty drum with vertical axis. Air at 
atmospheric temperature was admitted through a single opening of 
variable area on one side; a steady or pulsating flow of steam at jet 
pressures up to 60 lb. was used. A number of different stacks and 
nozzles were provided, and the nozzle could be moved vertically on its 
Se to vary F. Some of the important conclusions drawn were: 
Results from steady flow and pulsating flow of steam are practi- 
cally the same. 
| Various arrangements are found to possess the same order of merit 
regardless of the exhaust jet pressure used. 

Moving the nozzle away from the base of the stack increased the 
vacuum in every case. Cylindrical stacks and those with small taper 
(1 in 30 approximately) showed results which did not vary greatly 
with the distance until about 15 or 20 inches was reached (actually 
one-fourth this distance in model measurement), after which there was 
a rapid fall in the vacuum. Stacks of considerable taper (1 in 10 to 
1 in 15) showed a consistent increase in vacuum as the nozzle was 
moved away, up to about 20 inches, where there was a well-defined 
best performance, and after which the vacuum fell off. 

Most of the comparisons were based on a five-inch nozzle. For 
this nozzle the best results were obtained with two stacks, each havy- 


*June 29, 1900. 
+The paper was abstracted in the Railroad Gazette for October 30, 1903, p. 774. 
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ing a belled base and a diameter of 14 inches at the throat. The 
sults were practically the same for a height of 5.5 diameters and 2 
~ taper of 1 in 30, and for a height of 4.3 diameters and a taper of 
1 in 14. The second stack was of the regular “Master Mechanics” pro- 
portions. The. results indicated that if the two stacks were made of | 
equal height, the stack of greater taper would give much better results. 
Where comparisons could be made, the use of the flared bell on the 3 
stack recommended itself. “| 
The action of a cylindrical stack is improved by adding a cast iron — 
_ a choke at the base of the stack. ; 
“ The smaller the stack diameter, the closer the nozzle must be to its © 
; . 
~ 


Ned 


base for maximum efficiency. 

The paper concludes with a set of directions for running standing 
tests on a locomotive in order to investigate and improve its steaming 
: qualities. 

Mr. Symington’s experiments were obviously conducted with great — 
care, and were well organized and well reported: they seem to de- 
serve greater publicity than they received. It may be objected, how- — 
ever, that many of the conclusions were drawn on the basis of exhaust 7 


pressures that were much too high. The method used to vary F gives 
no light on the present-day problem of design, and the diameter of — 
the “front end,” only about three times that of the stack, may also 
weaken conclusions with regard to F. 


16. Strahl’s Investigations and Design Formulas.— Dr. Strahl’s 
paper is introduced by references to previous work on German loco- 
motives* which he proposes to refine and improve by a study of the 
theory of action of the front end, the process to be built on the theories 
of Zeuner. In order to interpret and qualify Zeuner’s theories, the 
ratio of gas to steam (W./W. or f) required study and evaluation, as 
the values proposed by Zeuner were much too large. He follows with 
a concise statement of Zeuner’s theory and certain conclusions as well, 
which have been already quoted herein, and then proceeds to a mathe- 
matical consideration based on the equation 


Po — Pa= X (We/K)? 


in which P, represents the atmospheric pressure, P, the pressure in 
the smokebox (hence the left half of the equation is the draft), X is — 


*Investigation and Design of Locomotive Exhaust Nozzles and Smokestacks, by G. Strahl, 
Zeitschrift der Verein deutsche Ingenieure, Vol. 57 (1913), p. 1739. " Oe 


Mat nd, and R the area of the grate in square metres. He 
en i Ae the critical equation giving the relation between the 
the nozzle opening, the area of the stack at the smallest di- 
et er, ou other principal variables as follows: 


eu 
w= 


rate) oxi (a) 


calling this “the main formula for computing the nozzle tip for a 
given front end.” From this formula he obtained by differentiation 
expressions for the best values of the areas of nozzle and stack as 
follows: 


Area of the exhaust nozzle, w = a2 Hirsi teal 
; 2f (1 + f) V6Xr 
Area of the stack, smallest (1 +f) (Rr) 
diameter, u = —————>——_. 
fV6Xr 


In these three equations, r is a measure of the taper of the stack, being 
1.0 for a cylindrical stack and 0.8 for the usual tapers; C is the ac- 
—celeration of gravity divided by the specific volume of the stack mix- 
ture; e is the ratio between the specific volume of the steam at the 
nozzle tip and the mixture of steam and gas in the stack, this ratio 

having a value of 1.15 for superheater locomotives; the value of X 
ranges from 45 to 70, depending on the air opening through the grates 

and the area through the tubes, larger values of the areas correspond- 
| ing to larger values of the coefficient; g is the acceleration of gravity, 
and all values are in metric units. 

The ratio of areas of stack and nozzle given by these equations 

is of interest. If e is taken as 1.15 and r— 08, 


=a. 4 J)? 


The ratio has a value of 12 to 13 for the values of the ratio Wa/Ws 
which Strahl proposes. 

Obvious geometrical relations are then developed to determine the 
height of the nozzle, the desirable tapers, etc., based on the assumption 
that the jet spreads at the rate of 1 unit in 3 up to the base of the 
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stack, ae 1 in 6 after entering the stack. The aie for ES ‘Z 
diameter are: 


j Fait 
a Diameter at the top ¢ < (n + cae + =) 


: F 
Diameter at the base b > (n a =) 


where n is the diameter of the nozzle, H the total height of the stack — 
and F the distance from the top of the nozzle to the base of the stack. — 
During the course of the paper the author makes a study of the 
weight of gas moved per unit of steam, W./W:, or f. He concludes © 
that he is justified in assuming a very narrow range, from 2.05 at low 
rates of combustion to 2.13 at high rates. His formulas in general give 
s results which seem reasonable, though generally somewhat large as 
compared with American practice. This is probably due to the dis-_ 
proportionate grate sizes in use in this country. It is not usually pos- 
sible to set the nozzle as far below the mouth of the stack as Strahl’s 
proportions indicate to be desirable. 
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17. Articles in “Railway Engineer.’—A serial under the title 
“Modern Locomotive Design and Construction” ran through the num- 
bers of the “Railway Engineer” (London) for several years, the articles 
being virtually anonymous, being signed only by Greek letters, initials, 
and expressions indicating membership in engineering societies. The 
serial as a whole probably represents the most important work on the 
locomotive in the English language, notwithstanding the modesty of 
the authors.* The material on “Smokebox, Blast Pipe and Chimney” — 
is contained in the installments published between September, 1917, — 
and March, 1918, inclusive. ~ 2 

The information contained in these articles was not based on any 
series of tests run for the purpose, but the authors evidently had at 
their disposal a large amount of test data. They felt it necessary to 
refute the piston theory of exhaust jet action: ‘Experiments have 
proved that there is little difference in the weight of the gases carried 
away by a given weight of steam, whether the blast be continuous or 
intermittent.” They conclude that the action is almost entirely induc- 
tive, that is, friction between the steam and the gas causes the motion 
of the latter; the coefficient of this friction varies as the square of the 
relative velocity. The action of the steam in removing the smokebox _ 


*It is understood that Mr. J. F. Gairns contributed extensively to these articles. 
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-depenc s on the surface of the jet exposed, the density of the jet, 
ome power of the initial velocity which will not be far from the 
¢ Te: root. For any particular arrangement of blast pipe and 
chimney, the first of these quantities is practically constant. The draft 
is largest when the resistance through the grate, fire and tubes is 
greatest. ; 
_ The inductive action of the steam may be increased by reducing 
the diameter of the nozzle, thus increasing the velocity, which also 
Increases the exhaust pressure. The same result can be obtained by 
bridging the nozzle, which has the advantage also of offering ad- 
ditional surface to the jet. Correct proportioning of the blast pipe 
and the use of a chimney of the best taper, height, and flare, also the 
placing of the blast pipe a correct distance below the mouth of the 
chimney—all these are necessary to secure the best performance. The 
more surface of the jet there is exposed to the gases, the more oppor- 
tunity there is for them to be set in motion; the stack must not be 
filled (by the steam jet) or this action will cease. The distance of the 
| nozzle below the base of the stack is important only as it concerns 
_ the flow of air through the tubes.* 

_ The writers favor the use of the tapered stack because the larger 
outlet allows the steam to expand and convert its static energy into 
kinetic energy while in contact with the gases. Various investigations 
have placed the ratio of height to diameter of the stack at from four 
to six for highest efficiency. To obtain the best performance the height 
of the stack above the choke should be about three times the choke 
diameter, or about 83 per cent of the height from nozzle to choke. 

There is considerable increase in efficiency as a result of the use of a 

bell-mouth, the best form being one in which the diameter is doubled 

in an extension of about seven-eighths of one diameter. 

The paper continues with a set of rational calculations for the rela- 
tion between stack and nozzle diameter for the discharge of 1 lb. of 
steam per second, with two pounds of combustion gases moved by the 
frictional process. The method depends wholly on the assumed ratio of 
gas to steam and the assumption of frictional movement only, and 
results in the conclusion that the proper stack diameter is three times 
that of the nozzle, on the basis of the maximum possible amount of 
work being realized from the exhaust. Actually, the nozzle is made 
smaller than this ratio indicates, on account of the lower efficiency 


here followed closely. The writers have in mind a front end without 
baffle plates. The importance of the base of the stack being about ona level with the top row of tubes 
is clear. The advantage of a fairly low nozzle under the same conditions is evident, but they do not 
believe that the additional superficial area of the jet obtained by additional length exposed is as impor- 
tant or useful as that obtained by the use of a larger nozzle diameter or by bridging. 


*The original wording is 
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of the hats and the higher veloeiiy theatre regtared ton m0\ e the 
same amount of gas. It is assumed that if a discharge of 1. Ib. 
second requires a nozzle of given size, the discharge of a larger amou 
will demand a nozzle of proportionate size, and that the stacketo- 
nozzle ratio will.remain constant. | 

The authors conclude with a strong argument in favor ae the ox 
panding or turbine-type nozzle, with a throat of easy entry and con-— 
siderable expansion toward the mouth. They also consider the use of, 

__-variable exhaust nozzles, but disapprove of them on account of the - 
- difficulty of keeping the mechanism in operative condition. ' 
. 
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18. Legein’s Analysis—In the Bulletin of the International Rail- | 
way Congress for 1920* M. Legein, Chief Engineer of the Belgian | 
ar Railways, presents a mathematical analysis of the draft problem which | 
is probably the most rigorous yet produced. In the course of the 
process equations are developed which tend to prove the following im-— 
portant relations: ; 

(1) For any given boiler and front-end arrangement the velocity 
of the gases emerging from the tubes is proportional to that of the 
steam emerging from the nozzle. (It is to be noticed, however, that — 
a “given boiler” in this case implies a certain definite resistance, in- 
clusive of that in the fire.) 

(2) The draft is proportional to the exhaust pressure. 

(3) If the resistance of the boiler is increased, in order that the 
same amount of air or gas may be moved by a given weight of steam, _ 
the velocity of the latter must be increased by reducing the nozzle — 
diameter. 

(4) If a greater value for the ratio of gas to steam is required, as, 
for example, for the case of the use of a poorer grade of coal, and the” | 
resistance remains constant, the size of the exhaust nozzle must be 
decreased. : 

(5) When a nozzle diameter has been determined, corresponding to — 
a normal maximum output for a boiler, if the boiler must be forced 
beyond this maximum, the nozzle diameter must be decreased. 

The process for design developed by M. Legein is as follows: 

(1) Assume values for the following, all dimensions and constants 
having their metric values: P 

Grate area of the locomotive 
Amount of fuel to be burned per hour 


Evaporation to be expected for this rate of combustion 
Draft to be expected in the smokebox 


*English edition, Vol. 2 (1920), p. 319. 
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‘= “ r Sen hot gas produced per unit of fuel burned 
a ‘The temperature and density of this gas : 
Bey" ? The density of the exhaust steam 

iz _(@) The resistance of the fire, tubes, etc., is measured by the ratio 
Vd/Q where d is the draft and Q the volume of gas flowing per 
‘second. M. Legein calls the inverse of this ratio the “temperament,” 
the value of the ratio (and of the inverse), following from the as- 
sumptions of (1). Pes 
(3) Determine the value of the ratio “f,” the number of units by 
weight of gas moved to steam discharged, from the assumptions of (1). 

(4) Determine thé value of the ratio “z,”’ the density of the hot 
gas divided by the density of the exhaust steam, from the assumptions 
of (1). 

(5) Determine the value of “y” from the equation 


yo = fit (Q+a Lt rf 


-in which z and f are known from steps (3) and (4). 
(6) from the original development, the value of y is given by the 
expression 


: 
: T zie Risse s 
Of Rime Bence Mp 
w 2g y 2g 


_where w is the area of the nozzle in square metres, t the density of 
the steam, g the metric value for the acceleration of gravity, 9.8 
metres per second per second, and T the “temperament.” The value 
of w may be calculated from the equation given, since T’, t, y and g 

are known. 
(7) Obtain the diameter of the stack from the following equation: 


yz + (2 + z) ay + 2a? — at = 0 
In this equation, the values of y and z are already known; the equa- 
tion having been solved for a, the stack diameter is found from the 
relation a = d/n = the diameter of the stack divided by the diameter 
of the nozzle; the latter is already known since the area of the nozzle 
has been determined in (6). 

The only tests made as a part of this investigation resulted from 
the writer’s dissatisfaction with the indefinite statements made by 
other experimenters on the question of the location of the nozzle rela- 
tive to the base of the stack. His apparatus consisted of a glass globe 
with glass “stack” and “exhaust pipe” axially located, a vacuum 
gage, and a controllable number of air openings for admitting air 
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into the globe. Air under pressure and colored with tobacco smoke 
was blown through the nozzle, which could be moved vertically 
through a tight gland in order to vary F; several diameters and heights 
of stack (all cylindrical) were provided. Typical of his findings with 
this apparatus was that with a nozzle of one-fourth the stack diameter 


(= d/4) and stack heights of from 2.5 to 9 diameters, for any given _ 


stack height a variation of F through the range d/4 to 5d/4 resulted 
in practically no variation in the draft or vacuum produced, there 
being a wide variation in values for the “best arrangement”; for values 
of F greater and less than the limits given the draft produced fell off 
rapidly. The figure representing the data from which these conclusions 


were drawn is reproduced as Fig. 4a. From this, Fig. 4b is derived to. 


represent the ordinary form of the F problem: the effect of varying 
the inside extension of the stack when the positions of the nozzle and 
of the top of the stack are fixed. It appears that the greater this 
total distance is, the less effect variations in F have on the draft. 
However, the presence of a range of values of F giving maximum per- 
formance is noticeable, the range being from 1.1 to 1.5 stack diameters 
(15 to 20 mm.) 

M. Legein suggests that, on the basis of his experiments, the fol- 
lowing statements may be made, clarifying and expanding the con- 
clusions of Nozo and Geoffroy: 


(1) When F is small, the best length of stack is from 6 to 8 
diameters. 
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(2) Under these conditions the vacuum is practically constant for 
any value of F up to the point at which the free jet (its shape de- 
termined by a spread of 1 unit in 3.5 as it rises from the nozzle) 
would no longer all enter the stack. This shows the outer portion of 
the jet to be less efficient. rf 

(3) There is a definite “best position” for the nozzle below a 
short stack; this position is given by the expression 5(d — n). For this 
setting, if the stack height is not less than its diameter, the height has 

no effect. 
(4) The best location of the nozzle is not related to the “tempera- 
ment” or the resistance of the gas passages. 


19. Huygen’s Investigation.*—Dr. Ing. F. V. Huygen (of Delft) 
made an investigation of the draft performance of a full sized loco- 
- motive by blocking the engine up from the rail, the power being ab- 
_ sorbed by water-cooled block brakes.t He proposed to study in detail 
_ the entire course of the jet from the nozzle to the top of the stack, 
and this study had demonstrated the untenability of some of the pre- 
vailing theories regarding draft action. The test work involved varia- 
tions in stack form and height, nozzle form, exhaust pressure, speed, 
and throttle position. 
In a preliminary study of jet form, he found that, with a nozzle 
110 mm. in diameter, and with F about 400 mm., the jet traveled vir- 
tually intact into a cylindrical stack of 410 mm. diameter, having a 
flared base, and remained intact for over half of the total height of 
the stack (about 1230 mm.) ; it behaved similarly for a conical stack 
having a 382 mm. choke diameter, and 1 in 10 taper; above the point 
named the form of the jet was lost and a mixture of gas and steam 
filled the stack. For a short conical stack, with / = 250 mm., choke 
diameter 322 mm. at mid-height, and total height 510 mm., the jet 
remained intact at the top of the stack, and emerged from the latter 
surrounded by a clearly visible smoke ring, unmixed with steam. The 
form of the jet was defined by means of measurements with pitot 
tubes and thermocouples in holes drilled into the stack and smokebox. 
The spread of the jet up to the narrow section of the stack was found 
to be about 1 unit in 4.3 for the ordinary round nozzle. 
A study of the velocity and temperature conditions within the 
stack led to the conclusion that the cylindrical stack form promoted 


*Hxperimental Investigation of Locomotive Stacks,” the original paper translated into German 
and abbreviated by Dr. A. Geisl-Geislingen, Zeitschrift des Oesterr. Ing. und Arch. Vereines, No. 


27-28 (1924), p. 248. . : 
a4 might have been expected, heating diffic 


horsepower. 


ulties limited the output of the locomotive to 250 


36 ILLINOIS ENGINEERING EXPERIMENT STATION 


the mixing of the steam and gas at a more rapid rate, but that the 


conical stack, on account of its flare, resulted in better conditions at 
the top of the stack. The conical stack proved distinctly superior in — 


the shorter lengths, until the lower limit of practicable length was 
reached. ~ 


The investigator reached an important conclusion in this connec- _ 
tion: “The determinations, of these tests (that is, the velocities and . 


temperatures at various points in the stream of steam and gas) show 
that for any cross section of the jet, the speed of the jet is constant. 
This shows that in the movement of the gas friction has no great effect, 
for if this were the case the stream of gas enveloping the steam jet 


would steadily lose velocity the further it is measured from the © 


rubbing surface.” He further concludes that the gas must be moved 
by a species of molecular collision, and that the acceleration of the gas 
outside of the jet is due to the higher pressure in the smokebox than 
within the jet. 


20. Geisl-Geishingen’s Analysis—This paper* virtually builds up 

a mathematical theory on the foundation of the previous one, the 

author considering his own work as a continuation of the Huygen in- 

vestigation. From a consideration of the energy equation, he arrives 
at the following stack equation: 

V? ig 

2 


= [LJ] Wn 
29 


g 

where L,, is the useful work done by the exhaust jet, Vm the velocity 
of the mixture at the top of the stack, V, the velocity of the steam 
at the nozzle, Wa/W,—f the weight of gas moved per unit weight 


of steam, m the fraction of the energy of the jet not represented by~ 


the shock loss (i.e., m is an efficiency ratio) and g the acceleration 
of gravity. All units and constants are in the metric system. 

To apply the foregoing formula to the problem of design requires 
a. large number of assumptions. The value of m varies from 0.45 to 
0.75, and 0.55 may be taken as representative for the typical high- 
center boiler with relatively short smokestack. The value of the ratio 
f in practice is from 2 to 2.7, the latter figure corresponding to super- 
heater locomotives under heavy loads.t The useful work L, is caleu- 
lated from the formula | 


*Zeitschrift des Oesterr. Ing. und Arch. Vereines, 1924, No. 43-44, p. 373 47- 
TA very high ratio indeed to select for this combination. we and ee 
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1 e the specific gravity of the gas, s, and of the steam, t, must be 
estimated from the pressure, temperature, and dryness of the steam 
and the composition and temperature of the gas. The draft d is best 
estimated, as computation by means of formulas involving resistance 
coefficients is of little use. If the draft for a given firing-rate is known, 
that for any other rate may be estimated on the basis of its varying 
as the square of the firing-rate. The useful work may also be roughly 
checked by comparison with the energy remaining in the mixture at 
the top of the stack, Z,. The author presents a table in which the 
value of the ratio L,/L, for a small saturated-steam locomotive is 0.6, 
and for a modern superheated-steam locomotive 3.9; he says the first 
is exceptional and considers the second very bad, and limits the range 
for design to from 0.9 to 1.4, the latter applicable to grates of 5 square 
metres area. 
When the values thus known and estimated are substituted in the 
_ general equations there remains a relation between V, and Vm, the 
steam velocity at the nozzle and the mixture velocity at the top of the 
stack. The procedure may now be that of turbine design: a definite 
amount of energy which may be lost in the discharge at the top of the 
stack is selected. This obviously should be as small as possible, but 
must in any case be of the order of magnitude of the useful work done, 
as shown by the values for L,/L, in the preceding paragraph. The 
second term in the general equation, representing the energy leaving 
_-the stack, having been reduced to V,,? times a known coefficient, if this 
is placed equal to a definite amount of energy, the value of V» follows. 
Next, Vm and the rate of discharge, temperatures, composition, etc., 
of the stack mixture being known, the stack diameter follows. Also, 
Vm known, V, follows from the general equation in which the latter is 
the only remaining unknown quantity, and from V, and the discharge 
rate the nozzle diameter is determined.* 
The diameter at the top of the stack having been determined, the 
remaining dimensions may be found as follows: 
Taper of the stack above the choke, 1 in 6.5 to 1 in 10, the smaller 
values being favorable for short stacks. 


—_— 


*The process may be illustrated as follows: let m = 0.5, f = 2, and g = 9.8; then the general 
equation reduces to the expression (round-number coefficients) 


0.025Vi12 = 0.15V 7? + Ln 
If 1/t = 1/s = 1780 andd = 140 mm., L, = 750 kg.m. per kg. 
Take 5° = 1; i.e., 0.15V,,2 = 750, hence, V,, = 71. O m. per sec. 
k f steam and 6 keg. of gas per sec., the volume is 9 X 1.78 = 16 cu. m. 
o he dechare Se renee "must be 16/71 sq. m., or the stack diameter 0.54 m. Also since V1?= 
1500/. 025 and V1 = 246 m. per sec., a discharge of 3 cu. m. per sec. at 246 m. per sec. velocity requires 
an area of 0.0121 sq. m. or a diameter of 124 mm. for the nozzle. 
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| Length above the choke, to be as great as possible, and not less 


than 1.1 times the choke diameter in any case: 


The section of minimum diameter, to be made as long as possibiae 3 


The form of base is of little moment. The length of the flaring 


lower part should be large, and the flare may be made a 60-deg. cone ~ 


if space is available. 
Several quotations from the paper should be noted. Speaking om 


the source of exhaust energy the writer says: “Since the steam pres- — 
sure difference between release pressure and atmospheric pressure can- — 


not be of further use (i.e., in work delivered), it is immaterial whether 
this remaining energy is used as a whole or in part, that is, whether 


the draft arrangements work efficiently or otherwise.” “As a general — 


rule the back pressure varies inversely with the fourth to the sixth 


power of the nozzle diameter, so that a small increase in the diameter — 


means a substantial saving of energy.” Concerning design, he says: 
“The design of stacks universally follows prototypes. The well-known 
formulae give useful results, but they are not universally applicable 
and are so arranged that the effect of the separate variables is not 
clearly shown.” “There is very little in literature relative to the most 
advantageous form of stack, and what there is includes much dis- 
agreement.” “The actual efficiency is to be determined only by trial.” 

The writer necessarily assumes a perfect mixture at the top of the 


stack in order that his general equation may be valid, but immediately — 


follows this statement with one concerning the variation of the velocity 
in the jet between the core and circumference that casts considerable 
doubt on the assumption. 


21. The Purdue Tests—Under this heading will be considered _ 
three sets of tests on front-end arrangements made in the locomotive- _ 
laboratory of Purdue University. The first series was undertaken in 
cooperation with a committee of the American Railway Master Me- 
chanics’ Association, and a complete account of the work was pub- 
lished in the Proceedings of the Association, Vol. XXIX, (1896). 
Several important questions left unsettled in these tests resulted in a 
further series conducted under the patronage of the American Engi- 
neer and Railroad Journal; the results of these tests were published 
serially in the magazine named during 1902. Recognizing that much 
of the work previously done was not fully applicable to locomotives 
with large boilers and grates and limited stack height, a third series of 
tests was run, again in codperation with a committee from the Master 
Mechanics’ Association, and these tests were reported in the Proceed- 
ings for 1906. 
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vO enie. were feds on ae abort engine, “Sche- 

’ No, 2,” with a smokebox 51 inches in diameter. Provision was 
in the first series for changing the form and height of the nozzle. 
In the second series, the form and height of the stack were studied ; 
eight: different stacks, cylindrical and tapered, with variable height 
and with bases of varying flare were provided, also a combination ex- 
-haust pipe and nozzle with eight different heights. The results of 
these two series cannot be better summarized than has been done by 
Dr. W. F. M. Goss (who was in charge of the work) in “Locomotive 

Performance,” Chapter XI, p. 255. A few conclusions which are of 
no present interest are here omitted. 

“(1) The jet acts on the smokebox gases in two ways, first by 
_ frictional contact as it induces motion in them, and secondly, it en- 
folds and entrains them. ‘ 

“(2) The action of the jet upon the smokebox gases is to draw 
them to itself so that the flow within the front end is everywhere 
toward the jet. 

“(3) The action of the jet is not dependent on the impulses result- 
ing from individual exhausts. Draft can as well be produced by a 
steady flow of steam as by the intermittent action of the exhaust. 

“(4) Draft resulting from the action of the jet is nearly propor- 
tional to the weight of steam exhausted in a unit of time. It does not 
depend on the speed of the engine nor the cut-off in the cylinders, ex- 
- cept in so far as these affect the weight of steam exhausted. 

(5) The form of the jet is influenced by the form of the channel 
through which it is made to pass. Under ordinary conditions it does 
not fill the stack until near the top. If the diameter of the stack is 

changed that of the jet will also change. 

(6) All portions of the smokebox in front of the diaphragm have 
approximately the same pressure, consequently a draft gage attached 
at any point may be depended upon to give a true reading. 

“(7) The resistance which is offered to the forward movement of 
the air and gases between the ash-pan and the stack may be divided 
approximately into three equal parts, which are: first, the resistance 
of the grate and the coal upon the same; second, the tubes; third, the 
diaphragm. 

“(§) The form and proportion of the stack for best results are 
not required to be changed when the operating conditions are changed; 
that is, a stack suitable for one speed is good for all speeds, etc. 

“(10) As regards the form of outside stacks, either straight or 
. Incidental reasons make the tapered form 
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tapered may be used . 


be 
a 


40 


. } * ~~ S y 
oN 


ILLINOIS ENGINEERING EXPERIMENT STATI 


preferable. The form of tapered stack implied is one having a choke — 
or least diameter 16 inches above the base, and above that a taper of : 
one in six. The diameter of a straight stack must be greater than the “< 


least diameter of a tapered stack for the same conditions. . 
(11) In the case of outside stacks the height is an important ele- 
ment; in general the higher the stack the better the draft. 


“(12) The diameter of any stack designed for best results is af- a 


fected by the height of the exhaust nozzle. As the nozzle is raised the 
diameter of the stack must be reduced and vice versa. 

(13) The diameter of a straight stack designed for best results 
is affected by the height of the stack. As the stack height is increased 
the diameter must also be increased. 

“(14) The diameter of a tapered stack designed for best results as 
measured at the choke, is not required to be changed as the stack 
height is changed.” 

The third series of tests was conducted on a locomotive with 74-in. 
diameter smokebox and a stack extension of 29 inches outside of the 
smokebox, which was maintained for all tests. Stacks without inside 
extensions were provided, having minimum diameters of 15, 17, 19, 21, 
23, and 25 inches, respectively. The stacks with 15-, 17-, 19-, and 21- 
inch diameters were each provided with extensions inside of the smoke- 
box of 12, 24, and 36 inches length, respectively. The merit of each 
stack arrangement was measured by the draft produced with a back 
pressure of 3.5 lb. per sq. in. The best combinations found were as 
follows: 

For a stack with no extension, a diameter of 23 inches gave the best 
results, the draft being 4.54 inches. 

For a stack with 12 inches inside extension the 21-in. stack gave 


the best results, with a draft developed of 4.71 inches. a 


> 


For the 24-in. inside extension the best results of the entire series 
were obtained with a 17-in. stack and a false top filling the smokebox 
at the level of the bottom of the flare. The draft was 5.06 inches for 
this arrangement. Almost identical results (draft 5.05 inches) were 
obtained by using in place of the awkward false top an annular dise 
extending horizontally from the bottom of the flare, and double its 
diameter. Almost as good results (a draft of 4.98 inches) were se- 
cured with the same stack by substituting a flare of double the stack 
diameter. 

Numerous arrangements of draft pipes or petticoats were. tried; 
it. was found that no combination of draft pipes could be made to 
give as good results as those obtained from stacks with inside exten- 


/.-Make 1/1 and h as great as possible 
2.-Make a= 02/D + 0/6h 

3-Make 6=2d), or 0450 

4-Make P=032D 

3-Make p=022D ; 

(Note fram foregoing that g=01ed) 
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sions, though the use of draft pipes made possible the use of small- 
diameter stacks of the no-extension type otherwise eliminated. — 
As a result of these tests the committee report embodied a sug- 


gested standard front end, which is shown in Fig. 5 with the recom- 


mended proportions. It is of special interest to note the following 
statement in the report of the tests: ‘The data show that stacks vary- 
ing as much as two inches in diameter sometimes give results that are 
almost identical. It happens also that in some cases, a stack of the 
diameter which gives the best performance is almost equalled by one 
two inches less and two inches greater in diameter; in such a case a 
variation of four inches appears not to be significant. This is true, 
however, with only the combination of certain heights of nozzle with 
certain heights of stack.” 

The so-called “Master Mechanics Front End” exerted a controlling 
influence in American design for many years, even though the general 
front-end arrangement required considerable modification as a result 
of the adoption of the superheater. 


22. Tests at Altoona.—Bulletin No. 9 of the Test Department of 
the Pennsylvania Railroad reports a series of tests on an Atlantic type 
locomotive made at the testing-plant at Altoona. The engine was 
originally equipped with the front-end arrangement shown in Fig. 6, 
which did not clear itself of cinders and caused occasional engine fail- 
ures as a result of the stoppage of the gas passages. Figure 7 shows the 
final arrangement of the front end which was adopted, except that this 
figure shows a “Master Mechanics” stack which was tried but not 
finally adopted. The main points of interest in the present connection 
are as follows: 

(1) A diverging (turbine type) nozzle was found impracticable. 
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(2) A conical trunk connecting the whole of the tube area with — 
: the base of the stack, into which the nozzle was inserted at the usual — 
point, was found impracticable. 

(3) By improvement of the stack design (mainly lengthening af. 
the inside extension), it was found possible to use a larger nozzle and — 
=e still clear the front end of cinders. This was in part accomplished by — 
. a rearrangement of the front-end plates, which had the effect of de- — 
creasing the resistance of the front end, thus allowing a larger velocity 
for a smaller expenditure of energy. 

(4) The Master Mechanics stack gave results which were good 
: _ but not quite up to the level of those from the improved railway stack 

design. 
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Preliminary tests in the series showed that the difference in draft 
for “heavy” and “light” firing, for the same rate of steam discharge, 
might be as much as 50 per cent, and the statement is made that 
“Draft cannot be used as a basis for front-end comparisons for loco- 
motives burning coal.” It was so used, however, throughout the bul- 
letin. The statement is also made that a satisfactory front end is not 
only one which gives a good draft, but one that meets the other con- 
ditions of satisfactory steaming, reasonable coal consumption, high 
boiler efficiency, and adequate maximum capacity. 
Another series of tests at Altoona which gives light on the front- 
end problem was made on a three-cylinder 2-8-2 type locomotive of 
_ the Missouri Pacific Railway.* As delivered to the laboratory, the 
_ locomotive had a short stack with a wide flare, 39 inches total height, 
19 inches top diameter, and 18 inches diameter at the top of the 
smokebox, and F was 29 inches. There was a plain circular nozzle of 
_ six-inch diameter. The engine was found to be capable of producing 
much less steam than another (the Pennsylvania L—1-s) of similar 
boiler dimensions. The original front-end arrangement was then suc- 
cessively altered until the maximum boiler output was raised from 
49 000 Ib. to 61 200 Ib. of steam per hour. The final arrangement 
employed a stack of 70 inches total height with top and base diameters 
of 24 and 17 inches, respectively, and F = 16 inches. The increase in 
capacity was secured in spite of a change to a larger nozzle, the final 
form being a seven-inch Goodfellow nozzle with four prongs (the type 
of nozzle represented in Fig. 53, there called the Pennsylvania type), 
the net increase in area being about 11 per cent. 


23. Summary—lIn considering the conclusions of the various in- 
vestigators a few comparisons may be made by way of summary. 

(1) As to the fundamental method of operation of the exhaust jet, 
Zuener and Goss (summarizing the Purdue results) agree that both 
friction and mixing are involved in the action; Troske says only fric- 
tion is involved, the “Railway Engineer” (“Modern Locomotive De- 
sign and Construction”) says the action results mostly from friction; 
Huygen denies the action of friction entirely and ascribed the effect 
to “molecular collision.” 

(2) All of the investigators who considered the matter evidently 
fully understand the general condition that for a reduction in nozzle 
size, with the rate of steam flow remaining constant, the draft and air 
flow increase at the expense of increased back pressure. Zeuner, Nozo, 


*Railway Age, Vol. 70 (1925), p. 1623. 
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in their models and were thus justified in using draft as a criterion, — 
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Troske, Symington, the “Railway Engineer,” and Goss definitely state 
this; Clark, Geisl-Geislingen, Legein, and the Altoona reports clearly 
imply it. . 

(3) The fact that air flow is a much better criterion for the study — 
of front-end performance than draft is stated by Zeuner and recog-— 
nized in the Altoona tests, though the latter actually used drafts for 
all comparisons. That air flow is the determining factor is also ac- 
cepted by Nozo, Troske, and Legein, who provided constant air inlets 


and who in some cases set up formulas for determining the air flow 
after the draft was known. The final formulas of Geisl-Geislingen, 
Strahl, Legein, and the calculations of the “Railway Engineer” are all 
based on air flow with draft subordinate or virtually ignored. The 
Purdue tests were run with oil fuel, making draft a fair basis for 
comparison. 

(4) That draft varies with the exhaust pressure for a given front- . 
end arrangement is stated by Clark, Zeuner, Troske, and Legein, and 
implied by Nozo. Against this, Goss states that the draft varies with 
the quantity of steam exhausted, hence about with the square root 
of the pressure. 

(5) Clark alone is certain that there is a best stack for any boiler 
and a best nozzle for any stack, though Nozo agrees on the first point 
and with Goss says that after the proper design is found it will be 
satisfactory for any rate of working. Troske denies both points, 
claiming (and showing) that there is a wide range of design possibili- 
ties which will secure the best performance from any boiler, various 
stack and nozzle.forms being acceptable if properly related by the 
distance F.~ The conclusions of Legein clearly indicate that after a _— 
certain nozzle has been adopted for a given steam output, the opening™ 
should be varied for other rates. In fact, any of the formulas proposed 
for design will indicate that the arrangement and sizes giving best 
results for one set of conditions are not the same as are required for 
other conditions. 

(6) On the subject of the best ratio of stack area to nozzle area, 
Clark says the best ratio is in the range 4.5 to 7; Zeuner says it 
depends directly on the ratio of tube area to nozzle area; Nozo found 
in tests a best ratio of 11.5; Troske says the ratio of areas should be 
9 for conical stacks; Strahl implies a ratio of 12 to 18; the “Railway 
Engineer” implies L/D +- 1, where L/D is the ratio of gas to steam by 
volume; Legein gives a formula which makes both areas depend on 
“temperament” (the inverse of resistance), the W,/W, ratio, and the 
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: 
ratio of ihe densities of gas and Pere Geisl- -Geislingen makes the 
areas depend on assumed densities and inthe rates; the Altoona 


tests found the best performance, including the highest draft, for a 


_ ratio of 7.9 for the areas. 


(7) Most of the investigators give absolute diameters of stacks and 


nozzles only in terms of design formulas, the nature of which prevents 
_ summarization. These have in part been noted in the preceding para- 
_ graph. Clark places the stack area at 4; the grate area; Troske says 
_ the diameter of a cylindrical stack should be (0.0023R + 0.310) K 
_ where K is the tube area and R the grate area, also that the nozzle 
area should be 0.04K. 


(8) There is a wide divergence of opinion with regard to details of 
the stack form. The tapered stack was favored by Zeuner, the “Rail- 
way Engineer,” and Troske in general; it was favored by Huygen be- 
cause of better discharge conditions at the top of the stack; the 
tapered stack was found to give the best results in practically all of 
the Purdue tests. The Altoona tests obtained the best results with 
a stack of cylindrical extension and very slightly tapered top. Nozo 
states that the cylindrical stack is as good as the tapered stack if the 
ratio of the stack area to the nozzle area is 10 or greater; Troske shows 
the cylindrical stack to be as good as the tapered stack if it is large 


- enough—20 per cent greater in area than an adequate conical stack; 


Huygen found mixing conditions better with the cylindrical stack. 

There is no agreement as to the best shape of the base of the stack. 
This may be in part due to the fact that, where a conical stack is con- 
sidered, a conical base below the choke is generally implied. Troske 
says the shape of the base is of no moment provided the entrance is 
large enough, but his data show substantially better results for the 
stacks with the conical base. The “Railway Engineer” favors a rather 
large bell-mouth. Geisl-Geislingen says the shape of the base is un- 
important and recommends the frustum of a cone with apex angle 
of 60 degrees as a desirable form. Clark, Nozo, Zeuner, and the earlier 
Purdue tests used stacks set on top of the smokebox and the method 
of attachment probably furnished bell enough. The later Purdue tests 
showed important advantages for the large flare, while the Altoona 
tests showed the advantage to be in favor of a stack with small Ff 
and small flare when compared with the larger bell of the Master Me- 
chanics’ stack and a comparatively large F’. 

Inside stack extensions proved of great advantage in the later 
Purdue tests and the Altoona tests. Nozo (considering a front end 
without baffle plates) says the inside extension has no effect unless it 
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be a harmful one, and the “Railway Engineer” implies the same es 


tion if the extension is lower than the top row of tubes. 
The stack height question is clearly shown by the various isc ; 


sions to be confused by the theoretical and practical aspects. It is — 


clear from all of the experimental work that the addition of length 
to very low stacks is a great advantage; that there is a height below 


which operation is entirely unsatisfactory; also that there is a range — 


of ratios of height to diameter through which the performance is the 
best. This range is given as follows: Zeuner, above three diameters 
(and up to 30!); Nozo, 7 to 8 diameters; “Railway Engineer,” 4 to 6 


diameters; Legein, 6 to 8 diameters. The investigators agree that the — 


effect of friction cuts down the efficiency for heights greater than the 
limits they set. (This merely means that in modern practice, where a 
height ratio of 5 is exceptional, the higher the stack the better—the 


limit is unattainable.) There is agreement among Troske, Nozo and 
Legein that if F can be made large enough, the height of the stack is — 


of comparatively small importance. 
(9) The question of the distance of the nozzle below the base of 
the stack (F) is also very much disputed. All agree that the distance 


should be such that all of the steam will enter the stack, but there — 


is a variation in opinion as to the spread of the jet, the estimates run- 


_ ning from 1 in 2.5 to 1 in 5. Nozo says the performance will be poor 
if F is less than three times the nozzle diameter; Troske says it should ~ 


be made as large as possible up to 1.5 stack diameters. Legein con- 
siders the location immaterial if all of the steam enters the stack, but 
the general opinion seems to be that the larger the dimension within 
this limit, the better will be the result. Clark considers F important 


but fails to prescribe any arrangement; the “Railway Engineer” thinks _ 


it important but only as its value favorably or unfavorably affects” 
the direction of the air currents; Troske considers it vital to have the 
form of stack and nozzle selected related to a proper value of F. These 
investigators were all concerned with the European construction where 
F can be made a large figure, even three or four stack diameters if 
desired, and increasing / means increasing the distance between the 
nozzle and the top of the stack. 

(10) The “Railway Engineer” report definitely states that the sur- 
face of the jet may be broken up with advantage (as by bridging, pro- 
jections, etc.). Troske endorses the bridge nozzle as advantageous 
where F cannot be made sufficiently large to obtain the best results 
from a plain nozzle. The Altoona tests of both series mentioned ob- 
tained the best performance from the nozzle with internal projections. 
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; = hee model experiments, Zeuner, Nozo, Troske, and farce 
ised a steady (non-pulsating). flow of steam, or of air in the last 
-mstance, none of these feeling it necessary to justify this procedure. 
The “Railway Engineer” states that tests made with non-pulsating 
flow give substantially the same results as those with pulsating flow. 
Goss justifies the use of steady flow (though the Purdue tests were 
‘not run in this manner) by the statement that the draft varies with the 
‘amount of steam discharged, not with the pressure. 

Consideration of the previous work on the front end furnishes 
ample reason for the further investigation carried on at the University 
of Illinois. None of the investigators used models of adequate flexi- 
bility except Symington and Troske, and in the latter case the con- 
struction was such that conclusions concerning F and stack height are 
of very doubtful value. None of the models presented the air flow 
to the steam in the actual manner of the locomotive, and none of them 
permitted (as far as can be discovered from the drawings) the actual 
observation of the jet in action. Nozo alone used a medium other than 
-atmospheric air to represent the combustion gases, and the method of 
handling the smoke which he used would have reduced the tempera- 
ture far below actual front-end conditions. The mathematical investi- 
_ gations of the subject appear to be of comparatively small value; they 

are based on assumptions affecting the energy equations (such as per- 
fect mixture at the top of the stack) which are scarcely supportable, 
and the most rigorous analyses lead to conclusions out of harmony 
with actual operating conditions. The most useful information ap- 
propriate to American practice is to be found in the Purdue and Al- 
toona tests, but neither locomotive used superheated steam or had the 
current type of front-end construction. 


_———— 


IV. University or Iuurino1s Front-ENp Mope. 


24. The Model.—The model used in the University of Illinois in- 
vestigation is described in detail in Appendix A, and only its principal 
characteristics will be mentioned here. The front end of the United 
States Railway Administration heavy 2-8-2 locomotive was repro- 
duced to one-fourth scale as to general dimensions, exhaust stand, 
nozzles, table plate, deflecting plate, diaphragm, damper, netting, and 
stack. The lower part of the “superheater header” (merely an iron 
plate in the proper position) is fitted with rods simulating the super- 
heater pipes, and thus everything in the front end of the locomotive 
is accurately represented in the model, except the steam pipes leading 
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from the superheater header to the cylinders. These were not used ; 


because of interference with watching the jet in operation, and the | 


difficulty involved in making alterations in the front-end arrangement 
through the side door with these pipes in place. Both sides of the — 


smokebox are provided with removable plates to facilitate alterations; 


on the working side (the right side of the locomotive) a smaller door — 3 


is let into the plate, and either this door or the entire plate may be 
replaced with glass or celluloid. A cylindrical shell with tubes extends 
from the front end to the “firebox,” and into the latter an air duct is 
led. Figure 1 shows the main dimensions of the front end which is rep- 
resented by the model; the model itself, in original and final form, is 
illustrated in Figs. 45a and 45b, Appendix A. Twelve different stacks 
were made to fit the model; three of these were cylindrical, and one 
was built of one- and two-inch sections so that the total height could 
have some twenty-five different values; to another stack, conical sec- 


tions to increase the outside extension, cylindrical sections to vary the | 


inside extension, and eight different flares and skirts could be applied. 
The number of possible stack arrangements exceeds two hundred. 
Thirty-three different exhaust nozzles were fully tested. In addition 
to the runs made with various front-end arrangements, the equipment 
of the model was such that it made possible tests to determine the 
effect of heating the air, of variation in the temperature of the exhaust 
jet, of changing the humidity of the air, of the operation of a pulsator 
valve by which the puffing of the exhaust could be simulated, and of 
changing the resistance to the entrance of the air into the model, 
corresponding to changes in the fire resistance. 

For each different arrangement of the front end from four to seven 
different exhaust-jet pressures were used, corresponding to an equal 


number of rates of steam discharge; the normal number for each series. 


of runs with a given arrangement was five pressures. When testing 
the results of various operating conditions, such pressures were used 
as would give the widest possible range of conditions and the most 
consistent indications of the effect. Upwards of 3 700 determinations 
were made, representing over a thousand different conditions with 
three hundred different arrangements. No results were accepted unless 
(a) they could be duplicated, or (b) they compared reasonably with 
those which might have been anticipated by interpolation. For each 
determination there were recorded the arrangement, the exhaust pres- 
sure, the flow of steam, the flow of air, the drafts in front of and 
behind the diaphragm, the temperatures of steam (at three points), 
air, and atmosphere, the wet and dry bulb temperatures as a means of 
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lating the humidity, the barometer reading, and such other in- 
formation as might be pertinent to the phase of the investigation in 
hand, 


a 25. Original and Final Forms of Model—As the model was first 
_ constructed the air, before going to the front end, was led over a - bank 
of industrial-type steam radiators, which gave temperatures as high 
as 200 degrees in the front end at low rates of air flow. Practically all 
of the tests run with the model in the original form were made with 
atmospheric air under the conditions found in the laboratory during 
the heating season, the temperature being close to 75 degrees. The 
results with the radiators in operation were of little significance—they 
varied but little from those obtained with “cold air” as it will be here- 
after styled. After the model had been dismantled to facilitate another 
investigation, it was rebuilt as shown in Figs. 45b and 46 with the 
possibility of using either cold air, or of heating it over a large gas 
burner placed in the firebox; this burner permitted the attainment of a 
temperature of 700 degrees with a flow of 3000 lb. of air per hour. In 
order to ascertain that the results from the model in the original and 
final forms, respectively, were the same, a series of cold air tests were 
run on the rebuilt model with front-end arrangements which had been 
fully tested on the original model, and with the necessary changes 
in resistance made to equalize the results. 
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26. Objections to Use of Model.—Three objections to the use of 
the model must be met: (a) the question as to the value and applica- 
bility of model data; (b) the objection to the use of cold air for com- 
paring the merits of various front-end arrangements; (c) the objec- 
tion to the fact that most of the tests were conducted with a steady 
rather than a pulsating flow of steam. 

With regard to the first objection it may be said that from the in- 
ception of the work there was little idea that quantitative data could 
be produced—that is, data that by the use of any simple combination 
of scale factors could be made to correspond with that which would 
have been secured from the prototype locomotive. It has been the 
purpose rather to develop the laws of the action of the front end, and 
for this purpose the model is applicable. Models have become essen- 
tial to research work in hydraulics, and problems which would other- 
wise have involved the experimental expenditure of millions have 
been solved satisfactorily; quantitative as well as qualitative data 
having been secured with regard to the action of flood control works, 
river detritus, etc. The idea of the model for the purposes of the 
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present investigation goes back to the experiments of Taoee before " 
1860, and other notable investigators have followed his lead (see 4 
Chapter III). The Ljungstrém Company has made extensive use of 3 
models in the development of the design of their turbine locomotives. | 
In the case of the present investigation, it is important to note that — 
by the application of the laws of similitude, satisfactory correspond-— - 
ence is found between the results obtained from the model and those 
from a comparable locomotive, the relation being developed later in 
this chapter. : 

The second objection deals with the use of cold air, and of course — 
disappears for those tests run with heated gases. The difference in per- 
formance between the cold air and hot gas tests for conditions other- — 
wise identical is shown and explained in Chapter VI. The nature of 
this difference is such that there can be no doubt that the relation — 
shown with only slight variations must exist between all tests with 
cold air and tests with hot gas on the same front-end arrangement, — 
and otherwise identical conditions. Hence the cold air tests are as 
suitable for the study of the laws of action as are the hot gas tests. 
Practical advantages of the cold air tests of importance in securing so 
large a body of data were the simpler technique, the much greater 
volume of dependable results which could be obtained in a given time, 
and the fact that the hot tests resulted in some deterioration of the 
model, including a slight variation in internal resistance as the tests 
progressed; the latter did not prevent accurate comparisons being 
made between successive cold and hot tests of the same front-end 
arrangement, but weakened somewhat the comparison between hot 
tests of varying arrangements. The making of any such series of de- 
terminations as were made with cold air would have resulted in the 
necessity of rebuilding the model three or four times, with inevitable 
uncertainties as to the true comparability of the results. 

The third objection has to do with the pulsation of the steam flow. 
This objection, like the previous one, disappears for those tests in 
which the pulsator valve was employed. This was one of the questions 
studied in the cold air tests; tests were run with the flow of steam con- 
stant, and with the pulsator valve operated through as wide a range 
of speeds as was possible with the power available; tests were also 
run with the pulsator speed constant and the flow of steam varying 
through a wide range. No difference within the general accuracy of 
the data could be found between tests with the valve inoperative and 
with the valve running at any possible speed, provided the average 
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ed of the locomotive is high enough so that there is always 
in the stack, the pulsation rate is without effect, and with other 


I > standing tests of locomotives as a means of determining front- 
i nd performance, steam being pappied to the front end by means of 
ipipclsing the piston valves open.* 


base this comparison are those of the Pennsylvania locomotives L-1-s 
and K-4-s referred to on page 15. These locomotives had almost iden- 
tical boilers and front-end arrangements, the only variation of any 
possible effect being a slight difference in the stack height. The general 
arrangement is closely approximated by the model when set up with 
the No. 4 stack and the 13,Y nozzle. The main dimensions are as 
follows: 
Model, x 4 Locomotive 


| 

: Diameter of the front end, in.:.............. 88 82 

; Distance from table plate to bottom of smoke- 

nhs es ee ee cena eet ee ee 26 25 
Top of the nozzle to bottom of stack (F), in... . 17 13% 
Diameter of stack at bottom (choke), in....... 17% 17 
IAMS Le CMON MARC IN! eo ps pom ects gs eevee Se 26 24 
Hiety void taeKs WN, 5 occas ays of eases Ss els 54 66, 70 
Outside extension of stack, in................ i, 22, 26 
pier OME LACKe re beets ape aves Pete a siete sf s Sueiel’ © 1in8 1 in 10 
OHA. 5 os Be ae 7 in., plain 714 in., 

Goodfellow 

IN OZZICTAT CONGO else ey ette're,<tois.s aw"aercia aie.s wore 38.1 38.3 


The data furnished by the bulletins reporting the locomotive tests 
and the method of determining the rate of gas flow have been previ- 
ously mentioned (see final paragraphs of Chapter II). In Fig. 8 the 
data for the tests of the two locomotives are plotted, the relations be- 
tween exhaust pressure and steam flow per hour, gas flow and steam 
flow per hour, and draft and gas flow per hour being shown. There is 
no possibility of drawing separate curves for the two locomotives, and 
a single curve representative of each relation is therefore drawn. The 
relation between the steam discharged and the temperature of the 


*“Standing Tests of Locomotives,’ Proceedings of the International Railway Fuel Association, 
(1930), p. 172. 


am flow was ‘the same. The conclusion ie the effect of Eo 
negligible i is in harmony with those of all previous model | 
ors from Zeuner on; with Goss, who positively states that if 


tigators Hosiii to G. W. Armstrong, who sets up an excellent case 


27. Relation Between Test Data from Actual Locomotives and Re- 
sults from Model—The most satisfactory series of tests on which to 
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front end may be summarized as follows from the data of the bul- 


letins: 
Front-End 
Steam Per Hour Temperature 
lb. deg. F. 
PPA 1 US Reena Nother sacle Nhe ets SEE Ok 460 
BS, SOOM ences he Cortes corn eee em 520 
AO BOO. 6 Sed Sates ee ee ee 550 
£7, O00: i a. See, Seren ee 580 a 
532005 oro, saree ee an os Ukeemae ante 610 
59,000). 5 \ocsd dovtagtvas «pipette eae oa on meamen oe 640 


This relation is required in converting the results from the model for 
comparison. A method of-making this conversion will now be estab- 
lished. 

In the relation betiteen prototype and model the several conditions 
of similarity must prevail, geometrical, mechanical, kinematic, etc. In 
comparing the dimensions of the two, all dimensions and character- 
istics of the locomotive are represented by capital letters, and those 
corresponding to the model by small letters; the scale of the model is 

” which in the case under consideration is 14. 


‘LOCOMOTIVE 1 FRONT END ~ 
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etrical “a iaii all linear eres must be in the 


2) Mechanical similarity: if the same materials are used in the 
mo odel and prototype, since Vs* — v, for the mass Ms* = m, and also, 
since it is assumed that both model and prototype are operated on the 

surface of the earth and therefore are subject to the same accelera- 

ti ion of gravity, for the weights, Ws? = w. 

_ (3) Kinematic similarity: this requires geometrical similarity of 

motion at corresponding times. The relation between corresponding 
intervals of time between the prototype and model may be deter- 
mined by means of the ‘free fall” formula. Since 7 = +/2H/g and 

t =+/2h/g, and the g’s are identical, we have T/t =~/H/h; but .y 
h/H =s, hence t/T =+/s or T\/s =t. Hence, for the model en 
used, the corresponding time interval is of half length. From the 
foregoing the relation between velocity for the prototype (V) and 

‘model (v) is found as follows: 


That is, the corresponding model velocity is half that of the prototype. 
Since the acceleration A/a = Li?/IT? = ~/s*/s = 1, the acceleration 
in model and prototype are the same. 
The foregoing relations fix two important compound relations: 
Pressure per unit area: (note that P and p correspond to weights) 
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Discharge per unit of time: 
Wa/wa = UZ = T)/(% + t) 
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— = x 

SS 3 th Ls ff s 
That is, a pressure of one pound per square inch in the front-end 
model corresponds to a pressure of 4 lb. per sq. in. in the locomotive, 
and a discharge of gas or steam of one pound per hour in the model 
corresponds to 32 lb. per hr. in the locomotive. 
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Model Exhaust Preseure; Ib. per aq... 


é ee rs. 
a 1 | 2 | 3 a oe 
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a 
Locomotive Exhaust Pressure, lb. per sq. in. 


: 4 | 8 | a 16 | 24 
es Steam flow, lbs per hr..;.....'2220.ds.-2-0% 860 1250 ~ 1690 1870 
- Cold hie flow, Ib. per bra... cae rane p20 dress 2490 3300 3840 4380 
.. Draft in front of the diaphragm, in. of water. . 1.4 2.6 3.4 4.4 
7 Assumed temperature corresponding to steam 
je OUbpUt dEkABs ees. aaa Ca annete eae 450 490 530 580 
: as Reduction factor from cold air to hot gas flow 11.4% 14.2% 16.0% 18.9% 
a Corresponding hot gas flow, lb. per hr........ 2200 2830 3250 3560 
“ Corresponding draft, in. of water............ 2 2.0 2.6 3.2 
oe Steam Bow, 82s esha yeas ree 27,500 40,000 51,000 69, 80, 
4 scr gutliy Bp- is 2k amas © AE Ory, AL em nace 70,400 90 104,000 114,000 121,000 
c Drattvocd geen ur cette cee eek ee ieee 0 0 2 
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When the operation of the model involves fluid flow, another 
form of similarity must exist in order that the data may be quantita- 
tively valid. The flow of each element in the fluid of the model must 
be the same as that of the corresponding element of the prototype; 
that is, if there is stream line flow in one case and turbulent flow in 
the other the results are obviously not comparable. However, in the 
present instance the velocities are too high for simple stream line flow 
to exist in either prototype or model, and this fact is known in both 
cases from actual observation. 

The actual comparison of data from model and prototype may 
now be made on the basis of the similarity factors found. Table 17 
shows the performance for cold air flow of the 134Y nozzle with the~ 
No. 4 stack; Table 16 shows the steam flow for this nozzle; the draft 
is found to be related to the air flow for the cold air tests by the ex- 
pression W, = 2100+/d, and for the tests at 630 deg. F. the constant 
is 2000 in place of 2100. In Table 8 are given reduction factors for 
converting cold-air flow to hot-gas flow. All of these factors are 
combined in Table 3 to produce the figures for the performance of 
the model under the conditions of the temperature corresponding to 
the locomotive, and the results are finally multiplied by the proper 
scale constants to make them analogous to those from a corresponding 
locomotive. 

In Fig. 9 the data for the locomotive and the model, the latter 
treated as described, are plotted for comparison. The curves for the 
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Fig. 9. Comparison or Mopet Data witH Resutts rrom Locomotive Trsts 


locomotive are drawn (in Fig. 8) ignoring fairly considerable increases 
in the gas flow at very high rates of firing, these being secured with 
no increase of draft, indicating a decrease of resistance, that is, opera- 


tion with the fire-door open. In comparing the steam flow, the model 
_and prototype show the similarity to be anticipated. The relations for 


gas flow and draft show the same general form for locomotive and 
model, but do not compare closely in actual values. This is explained 
by the difference in resistance of the locomotive and model. The re- 
sistance through the latter could be altered at will and it would have 
been possible to have decreased the opening in the air duct in such 
a way as to have increased draft and reduced air flow to a point which 
would have made these curves practically coincident with those of the 
locomotive. A constant of 1750 in place of 2000 in the draft-air-flow 
equation produces this effect; this constant would be obtained by the 
use of a choke of about 514 inches diameter in place of the standard 
six-inch orifice. 

The purpose of this comparison is to show that the results from 
the model can be very definitely related to those secured in the actual 
locomotive tests where the air flow is susceptible of fairly accurate 
determination from the flue gas analysis. It is not proposed, however, 
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to carry this type of comparison farther or Ps) attempt to predict the — 
performance of any given front-end arrangement; this would be ei e 
~ unless it were possible to make the great number of other adjustments 

in the model front end to have it correspond with sufficient accuracy i 

the actual locomotive. The purpose of the investigation is served | 

when the relative merits of the arrangements which can be made with 
- the existing model have been determined, it having been established — 
(as will be done in order) that (a) the use of the pulsating valve 
produces no difference in performance; (b) the use of cold air for — 
convenience in experimental work involves no error in the relative 
merits; (c) variation in the resistance of the model has no effect on — 
the relative merits, since this resistance, having been established by — 
the use of a given choke, establishes a constant relation between air | 
flow and draft for all arrangements used with it. 
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28. Methods of Classifying and Presenting Model Test Data—In 
the study of the performance of the draft-producing devices there are 
two general classes of variables to be considered: : 

(1) Those dimensions and proportions of the locomotive itself 
which affect draft action. These include the height and shape of the 
stack, the form and size of the nozzle, the distance between the nozzle 
and the bottom of the stack (F), and all dimensions and arrangements 
which contribute to the resistance to the passage of gas through the 
ashpan, grate, firebox, tubes, and front end. 

(2) Those conditions resulting from, or incidental to, operation: 
speed (in relation to the pulsation of the exhaust jet), steam flow, air 
or gas flow, draft at various places in the front end, back pressure (or 
pressure at the throat of the jet, better termed exhaust pressure), tem- 
perature of the steam exhausted, temperature of the products of com- ~ 
bustion in the front end, the resistance of the fire bed to the passage | 
of gas, and the moisture in the atmosphere or products of combustion. 

With such a list of variables it is necessary to select certain basic 
conditions, and study the variations in performance when one or more 
of these is altered. The variables of the first group are set up by modi- 
fications in the machine (locomotive or model) and can be varied at 
will, but in general only while the machine is not working. In loco- 
motive operation the variables of the second group are determined by 
atmospheric and operating conditions and can be controlled only to a 
small degree; in the case of the model, these variables are practically _ 
at the will of the operator. The conduct of a single determination or _ 
run on the model is analogous to the operation of the locomotive — 
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THE LOCOMOTIVE FRONT END 
vt ** 
n fixed conditions (as a locomotive i is operated on the test 


. ifferent exhaust pressures or rates of steam flow, analogous to the 
a taken over a long locomotive run where there is a considerable 
vari iation in power developed, and full records of conditions are kept 
for several different rates of output. For more exact simulation, the 
diameter of the choke in the air duct might be varied slightly to cor- 
respond with the increased fire resistance normally encountered with 
high rates of steam discharge; however there is no available informa- 
tion to govern any such program of variation. Nothing is lost in the 
comparison of the operation of the model with varying front-end ar- 
rangements and a constant choke diameter, since the-effect of the 
choke variation is separately determined. All of the tests concerned 
specifically with the effect of variation in the front-end arrangement 
were conducted with a standard choke diameter, and with a variation 
in exhaust pressures as indicated, and these will be the subject of the 
following chapter, reserving to Chapter VI the study of the tests 
representing variation in operating conditions. 
_ The following conditions of the first group were taken as standard: 
‘The stack of standard height and flare corresponding most nearly 
_ to that on the prototype locomotive, herein designated as stack No. 1; 
_ this stack has a diameter of 4% in. at the top, and of 4%¢ in. Gominaly 
at the bottom; the total height is 1314 in., and the flare at the base 
_ has a radius of 1 in. and an outside diameter of 6% in. 
A plain circular nozzle of 114 in. diameter, 1%4 in. high, herein 
designated as the 1144Y nozzle.* 
Distance from the nozzle to the bottom of the stack (7), 444 in. 
Opening in the air duct choke, 6 in., previous to rebuilding; after 
rebuilding the opening was reduced to 5.8 in. to secure equal resistance. 
The following conditions representing those normally found in the 
laboratory during the heating season were taken as standard for the 
variables of the second group: 
Air temperature, 75 deg. F. 
Air pressure, 29.40 in. of mercury. 
Relative humidity, 40 per cent. 
Steam was delivered to the model from the main power plant at a 
pressure of from 120 to 140 Ib. per sq. in., and a quality of 97 per cent. 
The choke area, which in part is an operating variable, has already 
been mentioned. The variation in exhaust pressure as a part of the 
tests of variables otherwise in the first group has also been referred to. 
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*See Appendix A for full descriptions and drawings. 


id ue series of runs on the model determines the various factors. 
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Fig. 10. Meruops or PresENtTING Mopet Test Data 


f In the above figure P, = steam pressure, lb. per sq. in. 
d, = draft in front of diaphragm, in. of water 
W, = weight of steam discharged, lb. per hr. 
Wa, = weight of air moved, lb. per hr. 


For reasons explained previously, the arrangement tests were run> — 
with air at atmospheric temperature and with steady, non-pulsating 
steam flow. For a given arrangement and standard jet conditions, 
there are four main variables to be evaluated: 

Jet pressure, in lb. per sq. in. (Ps) 

Weight of steam flowing per hour, lb. (W.) 
Weight of air flowing per hour lb. (W,) 
Draft developed, in inches of water (d) 


For any choke diameter, and hence fixed resistance through the model, 
there is a definite ratio between the two drafts measured ahead of and 
behind the diaphragm; for the choke sizes used the draft ahead of the 
diaphragm is 40 per cent larger than that behind the diaphragm, hence 


these n may a ni. ae ithe larger draft is eiaitted® The 
S P., Ws, Wa are represented as the three projections of the 
ace curve relating them as shown in Fig. 10a. The draft developed 


the air flow. It is only necessary to add another scale to the P,-W, 
curve as shown in Fig. 10b in order that the draft may be read in 
relation to the other two variables. Still another relation of great in- 
terest, the ratio W./Ws, can be shown in the W.-W, curve by means 
_ of drawing lines radiating from the origin for convenient values of this 
ratio, such as 2, 2.5, 3, ete.; this is shown in Fig. 10c. Where com- 
parisons are made in which ie nozzle does not vary, a simplification 
of the general plot is used, employing only the P,-W, section. Here 
the steam flow may be added as an ordinate since there will then be 
a fixed relation between W, and P;. The general form of the space 
curve relating W;, P;, and W, is of interest, and is shown in isometric 
form in Fig. 10d, the data used being those for the standard nozzle and 
stack, with exhaust pressures of 1, 2, 3, 5 and 8 lb. 


3 
. 
. 


VY. Mope.t Test Resvuuts ror Various Front-END ARRANGEMENTS 


29. Front-End Arrangements.—A “front-end arrangement” as herein 
considered means the use of a certain stack, a certain nozzle, and, if 
with this combination there is a possibility of varying the distance F, 
this dimension also must be defined. In the tests made to study the 
effect of front-end arrangement, no alterations were made in other 
parts of the apparatus but the nozzle and stack, except in trials to find 
the effect of varying the choke in the air-duct, which is analogous to 
a firebox rather than a front-end variation. Of the thousands of pos- 
sible arrangements, three hundred were set up and tested by being 
given one or more series of runs with varying pressures. The only 
variable in these tests which simulated variation in operating condi- 
tions was the change in exhaust pressure, entailing variation in steam 
discharge and air flow; there were two reasons for this pressure varia- 
tion, in addition to the obvious importance of an understanding of the 
effect of the variation itself: first, in order that each arrangement 
might be represented by data for several output rates, making it pos- 
sible to compare curves in place of merely points, and to make it clear 
whether the relative merit of various devices might not vary at differ- 
ent outputs; second, in order that the policy of basing no conclusions 
whatever on the results of any single determination might be the better 
carried out, and to stamp erratic individual determinations as such. 


“may be shown in the same figure on account of its fixed relation to — 
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30. Nozzle Tests——There were fully tested thirty-three nozzles, 
consisting of ten‘groups, which are illustrated in Figs. 52-53, Appendix — 
A. There were two nozzles which occupied places in two groups, hence — 
the performance curves account for 35. There were also eight addi- 
tional nozzles not fully tested. The letters designating the groups of — 
nozzles have been arbitrarily selected; the numbers or other symbols _ 
used in the designation show the characteristic size or may give a clue 
to the form. Each group is briefly described in the following pages in 
connection with the first discussion of its performance. The schedule 
of nozzle tests included 23 different nozzles with the No. 1 stack, 25 
with the No. 2, and 25 with the No. 3; 16 were used with all three | 
stacks, 8 with two of the three, and the remainder with but one, though — 
some of these others were also tried with several other stacks.* For 
the purpose of stack comparisons, a selected group of eight nozzles 
was tested with eight other stacks. 

The first series of nozzles to be considered are those designated as 
the Y’s. These have a height of 134 in., a diameter at the bottom of 
2.42 in., equal to the diameter of the top of the exhaust stand, and a 
range of top diameters of from % to 1% in.; the smallest and largest 
proved impracticable; the 1-in. size was used only for a few deter- 
minations at a higher pressure range than usually used; the remaining 
five, of diameters 114, 134, 144, 154, and 1%4 in. respectively, are the 
important members of the group, and the “144Y” is used as the 
general standard for comparison. Tests of these nozzles obviously in- 
clude both the effect of varying the outlet diameter, and of the taper 
in the channel, but tests of the W-series nozzles later described will 
show that the taper effect is negligible, if even measurable.t+ 

The curves of Fig. 11 show the following relations for the Y-series 
nozzles (excluding the 1%- and 1%-in. sizes): jet or exhaust pressure~ 
and flow of steam per hour (P,-W,), exhaust pressure and flow of 
air per hour, (P;-W,), and flow of steam and flow of air (W.-W.). 
In addition, the ratio lines for W./W, = 2 and 3 are drawn on the 
W.-W, plot. The draft in front of the diaphragm is related to the 
air flow by the equation W, = 2100+/d. The curves are plotted from 
the data for the No. 1 stack (see Fig. 47, Appendix A), with 43% in. 
bottom and 47% in. top diameter, a total height of 131% in., and 
F = 4 in., the standard distance. Tests of these nozzles with 
other stacks are presented in the stack-test section following. 


: 
4 


*Appendix B shows the complete schedule of combinations tested. 

tIn a comparison run made for the purpose, the diameter of the steam jet ata point 8 inches 
above the nozzle was found not to be measurably different for the 114Y nozzle and the 114W, the 
latter having the same diameter at the bottom of the channel as at the top. 
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Fig. 11. Tests or Y AND W Series Nozzies with No. 1 Stack 
he performance in terms of air flow, steam flow, and steam pressure is shown for six 
Y and four W nozzles. 
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The plot shown in Fig. 11 is made from the averaged values oj 
all valid data for these combinations, these averages representing ay 
number of determinations which will be found in Appendix B, and the 
averages are tabulated for reference in Tables 16 and 17. The 144Y | 
steam curves represent the average of over 100 determinations, as this | 
arrangement was repeatedly set up and tested as a check on the general _ 
performance of the model. For the other sizes, from four to ten series — 
of runs each are represented in the averages, or from 15 to 25 deter-_ 
minations each, except for the 1Y where but two series were made, ~ 
with pressures up to 18 lb. as against a usual maximum of 8 lb. The 
air flow curves represent in general a larger number of determinations, 


~-as the steam meter was not installed when the model was recon- — 


structed, the data previously obtained having been regarded as fully 
adequate to determine the rates of discharge for all of the nozzles, 
representing over 2300 determinations. The W.-W, curve is developed © 
from the other two relations, not from the original data. 

The curves for the various nozzles place themselves at intervals in 
the plots which are satisfactory, the spacing for both the steam and 
air-flow relations being quite regular. There are no intersections in — 
this series. The relation between the size of the nozzle and the steam — 
discharge for any given pressure is indicated by the following data: 


Nozzle Area Flow of Steam 
Diameter Area per cent of Flow of Steam per cent of 
in. sq. in. 1“4Y (P; = 3) 1“4Y 
1 0.7854 44.4 500 43.5 
1% eee e 69.5 800 68.0 
13% 1.489 83.6 980 85.0 
1% 1.766 100.0 1150 100.0 
15% 2.080 117.0 1330 115.6 
134 2.403 140.5 1570 136.8 a 


It will be seen that the flow relation and the area relation to the stand- 
ard nozzle are very nearly the same for all sizes; in other words, the 
flow is almost precisely that which would be expected from the area 
ratio. ; 
The relation of the W.-W, curves to the lines of constant ratio is _ 
of interest. Disregarding the 1Y as impossible as a nozzle for the pro- 
totype engine, the range of values for the entire group decreases from 
2.5-3.5 at low rates of discharge to 2.0-3.0 at high rates. These ratios 
are a convenient measure of practical efficiency; the main criterion by 
which any set of draft appliances must be judged is that of a sufficient — 
air supply for the fire. As a real measure of efficiency in terms of 
work done to work available this ratio is not strictly satisfactory, 


Pes Weight of Weight of 


Pressure Draft Steam per Air per 
Ib. per in. of Hour, Hour, 
sq. in. water Ib. lb. W/W: 
1 0.8. 650 1950 3.00 
8 4.5 1950 4360 2.25 


The specific volume of the steam at 1 lb. pressure is about 26.0 cu. 
‘ft. per lb., allowing for the superheat usually found in the jet; at 8 lb. 
it is 19.0 cu. ft. per lb. ‘The area of the nozzle being 0.0122 sq. ft., the 
ae at 1 and 8 lb. pressure, respectively, were 


: 650 & 26.0 — (0.0122 3600) = 385 ft. per sec. 
. 1950 19.0 — (0.0122 « 3600) = 844 ft. per sec. 


The corresponding mechanical energy per pound is 2310 ft. lb. for 
1 Ib. pressure, and 11 130 ft. lb. for 8 lb. One pound of air at 75 deg. 
F. and 29.4 in. pressure has a specific volume of 13.5 cu. ft. per lb., and 
one inch of water corresponds to a pressure of 5.205 lb. per sq. ft., 
hence to raise one pound of air against a draft of one inch of water 
requires 5.205 13.5 = 70.26 ft. lb. of work. The useful work done 
per pound of steam in the two cases was 


(at1lb.) 3.0 08 X 70.26 — 169 ft. lb. 
(at8lb.) 2.25 * 4.5 X 70.26 = 712 ft. lb. 


and the efficiencies are therefore 169/2310 and 712/11,130, or 7.3 and 
6.4 per cent, respectively. That is, the W./W. ratio is roughly one- 
third of the efficiency percentage, but the variation is not quite propor- 
tional. 

Goss* proposed as a criterion of efficiency the ratio of draft to 
exhaust pressure, which bears some resemblance to the W./W, ratio. 
It has been stated that W. = 2100+/d, hence d = (W./2100)”. Itis 
found in these tests that the discharge of steam varies closely with 
the ee root of the exhaust pressure, and, using the proportionality 
factor n, W, = n+/P;, hence P, = (W;/n)?. Therefore the Goss 


ratio 
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*‘T. ocomotive Performance,” p. 232, footnote. 


~ Now n varies with the nozzle diameter; + the 2100 constant iso 


valid for a certain definitely fixed resistance through the fire and tubes 7 
though it probably does not vary widely. The Goss ratio therefore — 
represents a definite multiple of the square root of the W./W, ratio for 
a given nozzle, and a given resistance; it is not a valid comparison | be- 
tween nozzle tests, nor when the resistance varies, which it obviously — 
does where coal is fired. 7 

The high value of the W./W; ratio is a matter of interest and i im- 4 
portance. Note, for example, the following conditions: 


Nozzle Exhaust 
Diameter Air Flow Steam Flow Pressure 
Case in. lb. perhr. lb. per hr. lb. persq.in. W/W; - 
A Peo 3200 1200 3.20 2°67 
B eco 3690 1200 © 6.60 3.08 
Cc. £5 3500 1360 4.10 PAY 
D Loar 3500 1600 3.00 2.19 


As between Cases A and B there was an increased air flow and ratio 
for the same amount of steam discharged as a result of reducing the 
size of the nozzle, but this results in doubling the jet pressure, cor- 
responding closely to the back pressure of a locomotive. As between 
cases C and D there is an increase in steam flow and a decrease in 
ratio for the same air flow, and a 27-per-cent reduction in exhaust pres- 
sure as a result of increasing the size of the nozzle; the latter is highly 
desirable, but it results in a W,/W, ratio below the range for satisfac- 
tory operation. 

The second series of nozzles to be considered is designated as W; 
the nozzles of this group have a common opening of 1% in. for the 
discharge of the steam, but the bottom diameter varies from 1% in. to 
2.4 in., the latter corresponding to the exhaust pipe diameter. The in.” 
dividual nozzles are designated by their bottom diameter, and the 
series includes the following: 1144,W, 1.7W, 2W, and 2.4W, the latter 
nozzle being the 144Y. Figure 11 shows the performance of this group. 
It will be seen that three of the four pass almost identical amounts of 
steam, but the 2W gives slightly more at all pressures. In the terms 
of air flow the performance is also very similar, all nozzles giving re- 
sults so close together that the drawing of separate curves is. diffi- 
cult. The combination curve shows that the 2.4W-1%Y is the best of 
the group by an insignificant difference, and the nozzle with the cylin- 
drical passage is the poorest by the same difference. While the nozzle _ 
with the 2-in. base leads in steam flow, the conditions within the jet 
are such that the standard nozzle moves almost as much air, and shows 
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mp Ara so > long as the taper i is not reversed, and it is clear 
ut for a given exhaust pipe and for nozzles built with conical chan- 
, the effect. of the varying shape of the shoulder at the base is 
su cient to submerge the taper effect. 
Sg The third series considered is the Z group. Each of these Gomes 
is 4% i in. high in place of 134 in. for the Y and W groups; their general 
Se in each case is that of a turbine nozzle with 114-in. chamfered 
throat, the steam passage flaring toward the top to the diameter indi- 
cated by the designation. The nozzles available for test were as 
follows: ; 


Flare Above Throat 


(which was 0.4 in. Taper 
above the base) or 

Designation in. Flare 

1.52 . 0 lin » 

1.6Z Ot 1 in 41 
eA 0.2 1 in 20.5 
1.8Z ze Hately 
2Z 0.5 lin 8.2 
2.22, O8Z, iD ue Gi) 


The performance of these nozzles is shown by the curves of Fig. 12. 
It will be seen from the steam curves that there was a change in the 
form of the relation between the nozzle with the cylindrical bore (the 
discharge for which closely approximates that of the 144Y) and the 
nozzle with the largest flare. The latter passed nearly twice as much 
steam at 1 pound pressure, and about 6 per cent more at 8 pounds. 
There was probably no significant difference in the steam discharge of 
all of the three nozzles of largest flare at all pressures; all of the 
nozzles with tapered or flared passage produced practically the same 
steam flow at pressures above 4 pounds. The expansion allowed by the 
flare made the passage of larger amounts of steam at low pressures 
possible, but the effect became unimportant at the higher pressures, 
though an advantage in steam flow was maintained at all pressures 
used in this investigation. In the air-flow plot there is unmistakable 
reversal in the curvature of the lines for the four nozzles of largest 
flare, while the 1.5Z and 1.6Z curves retain the normal form. All of the 
flared nozzles show more air moved at a given exhaust pressure than 
with the cylindrical form, but the ratio curves show the latter to give 
more efficient results through practically the entire range. The ratio 
results are inferior to those of the Y and W groups, and are so low 
in the case of the three nozzles of largest flare as to show them to be 
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The performance for six Z and four X nozzles is shown. 
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The performance of three S nozzles and three annular nozzles is shown, with curves for 
Y nozzles added for comparison. 
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of no use whatever. In the low range of pressures the use of the Z-type | 


nozzle is equivalent to the use of an over-size nozzle of the plain type; 
in the upper range the excess steam discharge was not great but it was 
still sufficient to reduce the efficiency ratio below the allowable 
minimum. 

The fourth series of nozzles considered is designated as the X 
series. These are all of cylindrical bore, 114 in. in diameter, and have 
varying heights as follows: 134, 344, 4%, and 64% in. The 134X nozzle 
is the same as the 14%4W. The principal characteristic of these nozzles 
is the effect they have on the value of F, which is reduced by succes- 
sive members of the series from 414 in. to minus one-quarter inch— 
that is, the 614X nozzle extends 14 in. into the stack. The plots of 


_Fig. 12 show the performance of the group. The steam discharge 


relation for the four was very similar, but separate curves can be 
drawn. The air-flow curves show the benefit of the exposure of con- 
siderable jet area to the gases; each reduction of F entails a reduced 
flow of air, the 614X giving the poorest results thus far noted, all pres- 
sures above 1 lb. giving a ratio below 2. In view of later findings as 
to the relative unimportance of the dimension F it is clear that, in ad- 
dition to the reason suggested, another and more powerful one operated 
to reduce the air flow; this is evidently the decrease in the total 
distance from the nozzle to the top of the stack. 

The next group of nozzles to be considered are three representatives 
of special forms in common use; designated as S nozzles. The “bridge” 
nozzle has a circular opening approached by a conical channel, with 
a %-in. bridge across the opening; the net area is 1.87 sq. in., cor- 
responding to that of a circular opening of 1.54-in. diameter. The 
Pennsylvania is 1.7 in. in diameter, and has four internal projections 


presenting wedge-shaped obstacles to the steam flow; the net area is © 


1.91 sq. in., corresponding to that of a plain circular opening of 1.56-in. 
diameter. The pepperbox has four circular openings of 34-in. diameter, 
thus corresponding to a plain 11%-in. circular opening. This does not 
correspond exactly to any nozzle now in use* but is intended to repre- 
sent the general class where fairly effective breaking up of the jet is 
desired. All of these nozzles have been developed on the theory that 
the entrainment and frictional action of the steam is increased by 
increasing the outside surface of the jet. The performance of the three 
nozzles, with that of the 14%4Y nozzle also shown for comparison, is 
indicated by Fig. 13. All of the three S nozzles pass slightly less steam 


*The ‘‘Viloco” nozzle has the same arrangement of openin b i indivi 
) nings, but having individual exh 
passages connecting each of these to one end of each steam chest is fundamentally different in opened 
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than tha plain circular nozzle, Souk the differences are only of the 
_ order of five per cent. The air-flow curves are all similar and lie close 
_ to (and on both sides of) that for the 14%4Y nozzle; the ratio curves” 
_ show a slight superiority for the bridge and PEND eOr nozzles for all 
pressures. As tested with this stack there is not any wide variation in 
performance, though all show consistent advantage over the plain | 
- nozzle. 

One further group of nozzles was tested with the No. 1 stack. This 
“group” in reality consisted of a single nozzle having an opening com- 
posed of six segments of a circle. The separating walls were so nar- 
row (1% in.) that, after a circular center plate of any desired diameter 
had been attached, the opening was practically an annulus. This type 
of nozzle has three points which are considered advantageous: (a) if - 
no work is done by the cone of steam at the center of the jet, which 
has the highest temperature and highest velocity, this nozzle should 

show an important advantage in the breaking up of this cone; (b) if 
_ splitting the jet in order to increase its perimeter is advantageous, this 
nozzle should show useful gains in performance; and (c) the ease with 
which the center plate may be changed and the effective size of the 
nozzle adjusted is a convenience. The following table shows the di- 
mensions of this nozzle with the various plates available: 


Diameter of Net Area of Diameter of Circle 
Plate, Openings, of Equal Area, 
Designation in. sq. in. in. 
A None 3.44 2.09 
1A 1.00 3.16 2.01 
1.25A 1,25 2.74 1.90 
1.5A 125 2.39 1.74 
1.77A wy ilei7e 1.50 
2A 2.0 1.30 1.29 


With the 1-in. plate and without a plate the spread of the jet was such 
that the air-steam ratio fell below 1.5 and complete tests were not 
made. With the 2-in. disc the steam discharge was too small to be of 
interest, and tests with this arrangement were also not completed. 
Complete tests were made with the three intermediate sizes, and the 
results are shown in the curves of Fig. 13, with those from two Y 
nozzles added for comparison. In the steam-flow curves the result of 
“torturing” the jet was very evident; each nozzle of the series passed 
about the same amount of steam at a given pressure as a Y nozzle of 
1% in. smaller equivalent diameter; the 1.77A with area equal to the 
114Y passed less steam at all pressures above 2 lb. than the 13¢Y, for 
example. The most direct comparison of air flow can also be made for 
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Fic. 14. Tests or Q anp T Series Nozzies witu No. 3 Strack 


The performance of three Q nozzles and three T nozzles is shown, with curves for Y ‘ 
nozzles added for comparison. : 
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4 irther_ inspection of the ratio lines shows that the 1.25A and 1.5A 
2 nozzles lie entirely outside of the useful range, and it may be safely 
coe concluded that there are no advantages to be expected from the use of 
F ~ this type of nozzle with the present stack. The group is further con- 
sidered in the “Special Arrangements” section of this chapter. 
___ All of the foregoing nozzle tests were made with the No. 1 stack, 
and it is natural-to assume that widely differing performance may be 
secured with other types of stack. However, it has been found almost | 
without exception that a good nozzle was good with all stacks; that 
is, for any stack all of the nozzles will be found in the same general 
order of merit, and the converse is true of the stacks; ultimately, the 
combination of the nozzle which shows the best results with the largest 
number of stacks and the stack that shows the best results with the 
largest number of nozzles will give the best possible performance. This 
seems perfectly obvious, but it is in direct contradiction to the com- 
monly-held idea that there are certain more or less magical combina- 
tions to be discovered that are far superior to others having only 
minor differences in proportions. 
It was felt that the No. 1 stack was not as large in diameter, es- 
pecially at the top, as it should have been according to the best cur- 
rent practice, and an even fuller series of tests was consequently run 
with the No. 3 stack. This has all dimensions the same as those of 
the No. 1 stack, except the top diameter, which is % in. larger, and the 
bottom diameter, nominally the same, but actually % in. larger. Per- 
formance curves for the Y and § nozzles with this stack are shown in 
connection with the stack comparisons. These, as well as the W, X 
and Z series, show results of identical form with those obtained with 
the No. 1 stack, but with a consistent improvement of performance (in 
terms of air flow) of the order of 12 per cent. 

Two groups of nozzles were tested with the No. 3 stack which were 
not tried with the No. 1, both representative of special tips which have 
been advocated from time to time. The “Q” series consisted of three 
nozzles: Q1.5L, having an opening of 1.5 in., and a height of 1 in. 
less than standard; Q1.53L, similar as to height and opening, but with 
the mouth nicely rounded; and Q1.5SM, similar to the 14%4Y nozzle in 
every respect except that the last inch of the channel is cylindrical. 
The performance of these three, with that of the 114Y nozzle plotted 
for comparison, is shown in Fig. 14. As for the steam- flow curves, the 
1.58M nozzle and also the Q1.53L show the effect of the “easy” open- 
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ae while the Q1.5L discharges less steam at all pressures, due to the oh 


>: 


sharper edge at the mouth. The air-flow curve for the Q1.5L nozzle far 


can scarcely be distinguished from that for the 14Y, the increased 
distance to the top of the stack balancing the slight decrease in the 
steam flow; both of the other two nozzles showed slight increases in 
air flow over that for the 14Y, increases roughly proportional to their 


increased steam discharge. These are all good nozzles, as indicated by ~ 


their ratio curves, but none of them shows pronounced superiority. 

The second group to be noted is designated as the T series: this in- 
cluded three nozzles designed to produce violent agitation in the jet. 
They may be briefly described as follows: 


T1.5K, opening 1.5 in., with 2.4 in. cylindrical passage sharply © 


curving to form a knife-edge at the circumference of the opening. 

T1.42H, opening 1.42 in. with a sharp hook-like edge projecting 
down into the steam passage—a “hook” nozzle. 

T1.74H, similar except for the larger opening. 

The performance of the three nozzles of the T series, with that of 
the 1144Y nozzle plotted for comparison, are shown in Fig. 14. In steam 
flow, the 1.74H nozzle gives results higher than those of the 144Y, but 
lower than those of the 1%Y; the T1.5K nozzle shows a steam flow 
only slightly larger than that of the 134Y, and the T1.42H gives a 
flow intermediate between that of the 114Y and the 13¢Y. 

The air-flow curves showed for the T1.74H nozzle an increase pro- 
portional to the increase in steam flow, so that the ratio curve for 
this nozzle is very similar to that for the 144Y, and it would therefore 
be a slightly more efficient nozzle than a Y nozzle of corresponding 
size. The T1.5K nozzle showed a smaller flow of air at all pressures, 
a shightly smaller steam flow, and a slightly better ratio curve than the 
14%Y. The T1.42H nozzle gives a small air flow with an efficiency 
curve exactly like that which might be expected from a Y nozzle 1.3 
inches in diameter. It is clear that the eddy effect caused by the hook 
or knife-edge projection at the mouth of the nozzle resulted in a con- 
traction of the actual space through which the steam flowed, to such 
an extent as to reduce the discharge materially below that which might 
have been expected from the diameter of the orifice, while beneficial 
effects are so slight as to be negligible. 

The performance of the Y and § series nozzles with the No. 2 
stack (cylindrical) is shown in the stack comparisons. Other nozzles 
tested with this stack give results so nearly like those from the No. 1 
stack that curves are unnecessary. The R series, consisting of two 
nozzles with rectangular openings, was tested with the No. 2 stack, 
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1.35 in. across; the RL had a rectangular opening 0.8 < 2.35 in. The 
performance of these nozzles is shown in Fig. 15. Both gave fairly 
good results, showing efficiency ratios slightly higher than for the 
standard nozzle; but, should either have been enlarged to give the same 
steam discharge as the standard, the slight advantage would have been 
lost. 

There were several nozzles available for test on which some work 
was done, but which are not included in the foregoing comparisons: 


r. Ae 
“F ut 


but not with No. 1 or No. 3. The R1.358 nozzle had a square opening, 


1%Y: the discharge for this nozzle was so large that only four : 


pounds jet pressure could be maintained with the available steam sup- 
ply. The air-flow ratio was very small. 

The U series nozzles: these were nozzles with wide flaring chan- 
nels. The U1.5R had a nicely rounded throat of 114-inch dia.; the 
U1.625 had the lower opening sharp; the top diameters were 2 and 
2.2 in. respectively, with a height of 134 in. Neither of these nozzles 
was found useful with any of the normal stacks (or any special stack 
tried later) on account of the excessive spreading and “spilling” of 
the jet. 

There was available a 1.9W nozzle, but the performance of adjacent 
members of this series was so nearly identical that it was only partially 
tested, and is not shown in the comparisons. 

A %%Y nozzle was also available, but, with the exception of cer- 
tain observations concerning filling the stack and the spreading of 
the jet, it was not used. 


31. Stack Tests——The stacks available for test purposes are shown 
in Figs. 47-51. They include the following: 

Cylindrical stacks of 3%4, 43g, and 5 in. diameter (Nos. 5, 2, and 7). 

Tapered stacks with bottom diameter (above the flare) the same 
as for the three foregoing, with a diameter 1% inch greater at the top 
(Nos. 6, 1,* and 8). 

Tapered stacks with bottom diameter of 43% in., and top diameters 
of 514, 5%, and 6% in., respectively, (Nos. 3, 4, and 9). 

The foregoing nine stacks all have the same height (13% in.), the 
same value of F (414 in.) and the same shape of flare, 2 inches larger 
than the bottom diameter. 

There are two additional stacks: No. 1B corresponding to the upper 
7% in. of No. 1, but normally fitted with a 2-in. flare (increasing the 


i » loe i hown in Fig. 1 
* k No. 1 was intended to reproduce the stack of the prototype locomotive shown i g 
but ae had almost a continuous taper and a bottom diameter of 4.24 in. instead of 4.375 in. 
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Fig. 15. Tests or R Nozzies witu No. 2 Stack 


The performance of two R nozzles is shown, with curves for Y nozzles added for com- 
parison. 


diameter 4 inches), and No. 9B, corresponding to the upper 8% in. 

of No. 9, and using a flare of the standard form of Nos. 1-9. __ 3 
In addition to the foregoing there were available a number of 

cylindrical and conical sections for inside and outside extensions, and 

a variety of flares and skirts as shown in Fig. 48, Appendix A. The 

list of arrangements tested is shown in the summary given in Table~ 

15, Appendix B. 


(a) Effect of Stack Diameter and Taper 


Information for the comparisons to be made in this section is ob- 
tained from the curves representing the tests of the five Y nozzles and 
the three S nozzles with each of the nine stacks of standard height and 
flare, and the two shortened stacks. Figures 11 and 13 have already 
shown the results for the No. 1 stack, and the action of each nozzle 
with all of the stacks is shown in Figs. 16a to 16h, each set of curves 
showing the performance of a single nozzle with all of the stacks. No 
steam-flow comparisons being necessary, only the air-flow curves are 
shown, but for convenience an ordinate scale of steam flow is shown 
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for each nozzle. The curves are plotted from the data of Table 17, Ap- 
_ pendix D, to which later reference will be made. 

Considering first the effect of stack diameter alone, the results must 
be based on the performance of the three cylindrical stacks, Nos. 5, 2, 
and 7, having diameters of 334, 4% and 5 in., respectively. With the 
144Y nozzle at 5 lb. pressure the air flow for these three was 3070, 
; 3780 and 3950 lb. per hour respectively, the results suggesting that a 
_ slightly larger stack might have been employed and some further gain 
: secured. A comparison may also be made on the basis of the three 
: 
§ 


~ 


stacks with %-in. taper, though this is less convincing since the pro- 

portional increase in‘diameter varies. The three stacks Nos. 6, 1, and 8 

(with the same base diameters as the three cylindrical stacks men- 

tioned) gave, under the same conditions, air-flow results of 3840, 3780, 

and 4000 Ib., still showing an advantage for the largest stack. If the 

curves for all of the other Y and § nozzles are similarly examined the 
order of merit for the cylindrical stacks is always that just given; 
for the tapered stacks, the results for the No. 1 and No. 6 are not 
usually significantly different, and the No. 8 never fails to give a 
better performance. 

The effect of taper may be similarly seen. As between the No. 5 
and No. 6 stacks, the latter, tapered, is much the better, and there is 
also considerable improvement shown by No. 8 over No. 7, though the 

latter is obviously more nearly adequate than No. 5. In the medium- 
diameter series of stacks (Nos. 2, 1, 3, 4 and 9) the five stacks have 
tapers of 0, 4, %, 1%, and 2 in. in 12 in., respectively, or lin ~, 
1 in 24, 1 in 13.7, 1 in 8, and 1 in 5.7. The performances for each stack 
for a given steam flow or steam pressure may be noted from the pre- 
ceding curves, or from the tabular summary in Appendix D, Table 17.* 
From this table and the curves, Table 4 is abbreviated, showing the air 
moved per hour at 1300 Ib. steam flow, and at 5 lb. steam pressure for 
each of the nine stacks of standard height and-for the two shortened 
stacks. Taking the figures for 5 lb. pressure, the No. 1 stack is superior 
to the No. 2 for six cases where the difference is significant; No. 3 
is better than No. 2 in every case; No. 4 is better than No. 3 in one 
case, poorer in five cases and equal in two cases, while it is better than 
No. 1 in seven cases; No. 9 is poorer than No. 4 in every case, and 
below No. 1 in eight cases, the single exception being that it gives a 
good performance (equal to No. 3) with the pepperbox nozzle. Ob- 
viously the best taper lies close to that of No. 3 (1 in 13.7), with a 


A A t the actual data. 
*The figures given in the table are taken from smooth curves plotted to represen 
{The limit EF eniGoant difference is taken as 50 Ib. of air flow per hour. 
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taper gi giving ood nts for the nozzles having jets 
ne recip A ranking can be made for all of the standard 
; 8 tacks, but. this comparison is not fully satisfactory, and a summary 
é of the tests which gives clearer indications is made possible by Tables 
4and5. An advantageous stack-nozzle arrangement is one which, for 
a given steam flow, results in a small back pressure and a large flow 
: of air. It is difficult to evaluate the relative importance of the two 
factors: a generous air supply is essential to proper combustion, and’ 
_ high back pressure, while detrimental, is not fatal to eperations In 
Table 4, the air flow, per hour for each combination for 1300 lb.* steam 
flow per hour is shown. In view of the fact that for most coal at least 
2.1 Ib. of air must be drawn through the fire per pound of coal burned, 
and that at a later point in this report it will be shown that there is 
about 16 per cent reduction in air flow as a result of heating the gases 
_ to normal smokebox temperatures, it may be considered that 2.5 lb. of 
air must be moved per pound of steam in order that a stack-and-nozzle 
arrangement may commend itself; hence any air-flow figure of less 
than 3250 lb. per hour may be taken as evidence of an unsatisfactory 
arrangement. Further, due to the well known variation in performance, 
a margin of at least ten per cent seems desirable, which eliminates all 
cases showing an air flow lower than 3600 Ib. per hour. This leaves 
available for further consideration the following combinations: 
144Y nozzle with stacks Nos. 3, 4, 7, and 8 
'  144Y nozzle with stacks Nos. 2, 1, 3, 4, 6, and 8 
134Y nozzle with stacks Nos. 2, 1, 3, 4, 6, 7, and 8 
Pennsylvania nozzle with stacks Nos. 3, 4, 7, and 8 
Bridge nozzle with stacks Nos. 1, 3, 4, 9, 6, 7, and 8 
Pepperbox nozzle with stacks Nos. 1, 3, 4, 9, 6, 7, and 8. 
The No. 5 stack and the 134Y and 1%Y nozzles do not appear in the 
' foregoing list, and the No. 2 stack appears only with the smallest noz- 
zles. There are seventy-two combinations of eight nozzles and nine 
stacks; of these two, representing useless proportions, were not run, and 
one gave obviously erratic results and the data are discarded; there re- 
main therefore sixty-nine combinations. Of these, thirty-four are elimi- 
nated from consideration by the 3600-lb. test, leaving thirty-five to 
_ which will be applied the test of the “cost” of air flow in terms of ex- 
haust pressure. Table 5 shows the air flow and exhaust pressure for 
each of these combinations corresponding to a steam flow of 1300 lb. 
per hour. The showing of this table results in further eliminations as 


follows: 


*This is an arbitrary figure, assumed on account of being within the range of all of the eight 
nozzles under consideration. 
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The 1% and 13¢Y nozzles are eliminated, since the 11-inch size 
produces adequate air flow with much lower exhaust pressures. (Note — 
that the 154 and 134Y nozzles do not appear in the list on account of a 
insufficient air flow.) 

If any of the three special nozzles has its*area increased by an 


e y amount corresponding to about 4% in. increase in the diameter, the ex- 
_ haust pressure will be brought down to a point comparable to that 
: with the 14%4Y nozzle; at the same time the air flow will be decreased 
i. by about 250 lb. per hour; hence only those combinations in which 
x the special nozzles are used which show air flow greater than 3850 lb. 


are equal or definitely superior in performance to the 14%Y nozzle. 
This eliminates the following: the Pennsylvania with stacks Nos. 3, 
4, and 7; the bridge nozzle with stacks Nos. 1, 4, 6, and 9; the pepper- 
Bos with No. 1 and No. 6. 

There remain as equal or superior to the 144Y nozzle the Pennsyl- 
vania with stack No. 8, the bridge with Nos. 3, 7, and 8, and the pep- : 
perbox with Nos. 3, 4, 7, 8, and 9. If a further increase in nozzle area ~ 
is made, increasing the equivalent diameter two-eighths over that of 
the original nozzle, there will be a reduction of the exhaust pressure, 7 
corresponding to the same discharge of steam to about one-half that of 
the original, but the air flow will fall off about 500 lb.; hence only 
those nozzles which in the original size produced an air flow of 4100 lb. : 
per hour or greater pass this test: The bridge nozzle with stacks Nos. 
3 and 4, and the pepperbox with Nos. 3 and 9 are on the border line, | 
showing equal air flow to that produced by the 144Y with the same 
stack, but a lower exhaust pressure; the pepperbox with Nos. 4 and | 
8 shows better air flow with less pressure. . 

The two shortened stacks may now be brought into the comparison. 
No. 1B gave better performance than No. 1 with every nozzle tested, 
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Fig. 17. Stack Hetcut Tests, No. 1 Srack 
Conical extensions of four different lengths having the same taper as the No. 1 stack, 


_ were added to it; the increase in air flow was remarkable, but any extension greater than 3 in. 


represonts an impracticable condition in actual locomotive service due to clearance limits. 


the results resembling those from No. 3. No. 9B gave better results 
than No. 9 in every case except for the pepperbox nozzle, where there 
was no significant difference. All nozzles except the two largest Y’s 
pass the 3600-lb. test with the No. 1B; only the pepperbox and bridge 
with the No. 9B give a greater flow than 3600 lb.; none of the com- 
binations will stand increasing the nozzle opening except the last two, 
which would permit a one-eighth increase, and perhaps two-eighths 
for the pepperbox. 

From these comparisons the utiltty of the special nozzles is ap- 
parent; it is also seen that the plain round nozzle in its most efficient 
diameter is favored by the use of a stack of generous base diameter 
and slight taper; the best diameter ratio found is 5:1.5 or 3.33:1. The 
jet-splitting type of nozzle is favored by the use of a slightly smaller- 
diameter stack and a larger taper, the best taper being about 1 in 10. 


(b) Effect of Stack Height 


Stack height tests were run on the No. 1, No. 1B, and No. 2 stacks 
by means of neatly fitting outside extensions, conical in the first and 
second and cylindrical for the No. 2. These extensions permit the ad- 
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Fig. 18. Revation Berween Stack Heicut anp Air Fiow, No. 1 Stack 
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dition of 13 in. to the standard height of the No. 1 and 1B stacks, and 
8 in. to the No. 2, by 1-in. and 2-in. increments. The standard heights 
of 13% in. for the Nos. 1 and 2, and 9% in. for the No. 1B represent 
an extension of 4% inches above the smokebox shell, and clearance 
limitations in practice would rarely permit the taking advantage of 
an extension of more than a few inches. In Fig. 17 the results for the 
tests of the No. 1 stack are plotted, and in Fig. 18 the same data are 
presented in a different form. Similar plots for the No. 2 stack are 
shown in Figs. 19 and 20. The conclusions for both cylindrical and 
tapered stacks are similar: an increase in stack height, other condi- 
tions remaining the same, produces a marked improvement in air flow 
and W,/W, ratio. At the lower rates of steam flow the improvement 
is less marked, and in both cases the extensions available for the model 
made possible the attainment of the maximum air flow; at the higher 
pressures, the performance continued to improve with the added stack 
height, and still greater extensions would have given better results. 
The results from the tests on the No. 1B stack are so similar that ad- 
ditional curves serve no purpose. 
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Fic. 19. Stack Hetcur Tests, No. 2 Stack 
Cylindrical extensions of various lengths added to the No. 2 stack resulted in marked in- 
crease in air flow. 


(c) Effect of Various Forms of Flares and Skirts 


The flare or skirt is a gathering device, placed on the bottom of 
the stack to provide an easy entry for the gases which are moved along 
by surface contact with the steam jet. There have been two general 
types used: the cone-shaped type, herein called a skirt, and the bell- 


- mouth type, herein called a flare. There were available for the pur- 


poses of this investigation three skirts, all having a top diameter cor- 
responding to that of the base of the No. 1B stack (4% in.), and bot- 
tom diameters of 514, 6, and 71% in., respectively, and these were num- 
bered for reference 2, 3, and 4. A cylindrical extension without taper 
was tested for comparison, and this is referred to as skirt No. 1. There 
were available the following flares: 
The large flare, designated as L, with a flare of 2 in. radius. 
The small flare (S), with a flare of one inch radius. 
The No. 6 flare, 5 in. high, with parabolic cross section, and a bot- 
tom diameter of 814 in. 
The No. 7 flare, 3 in. high, and only slightly belled, the bottom di- 
ameter being 5% in. 
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In addition, there was available for test a long skirt (7144 in. high) 
tapering from 4% to 5% in. in diameter, and flared slightly at the 
bottom. Drawings and dimensions of all of these will be found in 
Appendix A, Fig. 48. All flares, skirts and cylindrical extensions fit 
the base of the No. 1B stack. The upper part of the stack is exactly 
like stack No. 1, and the stack of the prototype locomotive is repre- 
sented by the use of a 4-in. cylindrical extension and the small flare. 
By means of the various inside extensions and flares, the stack can 
be set up in forty-eight different ways, the distance between the top 
of the nozzle and the bottom of the stack having values ranging from 
1014 to 244 in. by one-inch increments. It was found by repeated tests 
that no significantly different performance could be obtained as be- 
tween the No. 2 flare and the No. 3, so in the final analysis No. 2 is 
omitted; it was also found that the minimum practical value for F is 
3 or 3% in., the performance falling off rapidly for the 2-in. values. 
This leaves some 35 different arrangements, practically all of which 
(excepting those with No. 1 skirt) were tested repeatedly. In re- 
ferring to the stack arrangement, the symbol 1B-( )—( ) is used, the 
first parenthesis giving the length of cylindrical extension, the second, 
the number of the skirt or flare; for convenience the value of F is 


wi st ax - 
* be _. 
uv is Eetion: No. “BR _0-0” (F =10%4) refers to the stack 
without either flare or skirt, and this is considered as belonging to the 


- 


“same series as those arrangements having the No. 1 skirt. The No. 1B. 


stack, in its normal condition, as referred to elsewhere in this report, 


used the large flare, and is here designated as 1B-O-L. Figure 48 (Ap- 
pendix A) shows eight of the possible modifications of this stack. 


The confusion of results obtained by previous experimenters was 
paralleled by contradictory and inconsistent data obtained from the 
preliminary tests to determine the result of varying the form of the 


stack base in the present investigation. In order to eliminate all 


| 
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possible variables and to generalize the results, a series of tests was 
run under the following conditions: 
(1) The tests were to be run off as rapidly as possible, consistent 
cs , ae securing of reliable results. 
) No part of the apparatus or instruments was to be altered in 
a a except as the necessary changes in the front end were made. 
(3) Tests were to be run on days with little wind, and when tem- 
perature, barometer and humidity were close to the standard. 
It was decided to use two nozzles throughout the series in order 
to ascertain whether the results from the two were analogous. The 
program was carried out as planned. A period of six consecutive days 


of satisfactory weather conditions made possible the running of most 


of the tests; two other short periods of work were carried out ten and 
twenty days later, variable weather being responsible for the delays, 
and tests made in the later periods were fully “controlled” by repeat- 
ing tests made in the first period. Three hundred runs representing 
46 different arrangements were made, the arrangements and air-flow 
data being shown in Table 18, Appendix D. In this table are four 
combinations not strictly a part of this phase of the work: stack ex- 
tension trials, a test with the No. 4 stack, and the “hooded jet” test 
referred to later. 

Certain material from the curves resulting from Table 18 is as- 
sembled for convenience in Table 6. The stack designations are shown, 


_ together with the amount of air corresponding to a steam flow of 1500 


Ib. per hour. This air flow may be taken as a general index of the 
merit of the arrangement; it corresponds to a steam flow representing 
about three-fourths of the capacity of the prototype locomotive. There 
are very few cases where the performance curves cross each other; the 
selection of any other rate of steam discharge would have resulted in 
a body of air-flow data differing in magnitude but not in relation. The 
flow chosen was dictated by the desirability of using the largest figure 
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*Limitations of dimensions make all these arrangements impossible. 
{These arrangements had been tested at previous stages of the investigation. The results were not nin P 
different to warrant repetition. 


common to three nozzles used without selecting the flow for the maxi- 
mum pressure in any case. 

From the tables it will be noted that there are four combinations of 
the nozzle and F for which most of the possible skirts and flares were 
used. For these four arrangements, the following conclusions may be 
drawn 

(1) The stack with cylindrical extension (without flare or taper), 
as would be expected, gave the poorest results of all; but it is a matter 
of surprise that these are actually so good, falling as they do not more 
than 10 per cent below the general range of values. 
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(2) nee cases he F ae in., the No. 7 are (only 1 in. 
wi ler than the cylindrical extension) gave the next poorest per- 
formance, while for F = 41, in. the performance of the No. 7 flare was 


it. For the 14%Y nozzle and 4Y,-in. F, the condition is similar; 
the No. 7 flare gave results not far below the best. This would suggest 
that a larger value of F might make this flare one of the best; but a 
further increase of one inch in F produced the opposite result (note 
_ the figure for 1B-2-7, Table 6). 

(3) In each case the No. 3 and No. 4 skirts showed very similar 
_ performance. 

(4) In each case the large and small flares showed almost identical 
performance, which was, in each case, considerably better than that 
of the two skirts. 


good account of itself, its performance lying between that of the skirt 
and flare groups with both nozzles used, and being practically as good 
as that of the flares for the 154Y nozzle. 

| (6) The No. 6 flare showed practically the same amount of air 
moved as the large and small flares for the same values of F. 

(7) In considering the entire group the following may be said: The 
use of the conical and nearly conical skirts produced results inferior to 
_ those obtained from curved flares, while the use of flares of long curva- 

ture and easy entry did not give results any better than those given by 
_ the large or small flare with practically quarter-circle cross section for 
the bell. For small values of Ff, the small flare, representing a 44-per- 
cent increase in diameter, gave results scarcely significantly better 
than the large flare, representing an 83-per-cent increase in diameter; 
for values of F above 4 in., the large flare gave slightly better results. 
The other main variable in this series of tests was the effect of 
changes in F, which will be considered later. The test on the No. 4 
stack provides additional data for comparison of the effect of stack 
form, and the stack extension tests were run for the same purpose. 
The tests with the 134Y nozzle were made with the purpose of de- 
termining whether the same similarity of performance would be found 
with other nozzles; two widely different stack arrangements were used, 
and the results showed only a variation corresponding to that found 
with the larger nozzles. 
It should be noted that the tests were all run with nozzles having 
the most “compact” jet—those having a circular opening. If a nozzle 
were used where the steam was discharged at a considerably greater 


€ equal to that of the No. 3 and No. 4 skirts, instead of slightly below 


(5) The No. 5 skirt, with the slight flare at the mouth, gave a | 
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distance from the axis, larger flares would follow as a matter of 
course. . 
The air-flow data from this series of tests are not exactly compara- 
ble with those obtained from the earlier tests. During the hot-gas tests 
(which preceded) some of the brickwork and insulation in the firebox 
of the model became displaced, causing an increase in the area over — 
the arch and a slight decrease in resistance; this resulted in a small» 
increase in air flow for a given steam flow with a corresponding de- — 
crease in draft. The air-flow increase could have been corrected by 
changing the size of the choke, but this was not considered desirable, 
and it is only necessary to avoid mixing results from the earlier and 
latest tests. The variation was only three or four per cent in any case. 
In studying the action of the cylindrical stack studies were made of 
the performance of the large and small flares, respectively, under per- 
fectly comparable conditions.. In Fig. 21 the difference in air flow for 
the same total height of stack and the two flares is shown for five 
pressures. The indications are somewhat clearer if the data for the — 
194-in. height are ignored, all results from this value of F being ap- 
parently too low. At low rates of working the larger flare produced re- 
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See Fig. 50 for diagrams of stacks tested. 


sults from 2 to 4 per cent better than those produced by the smaller; 
at the higher rates the large flare showed to slight advantage on the 
shorter stacks, but with increasing stack height this advantage was 
lost. The results correspond to those of the general investigation inso- 
far as they are comparable, but in general are somewhat more in favor 


of the larger flare. 
(d) Performance of Combination Straight and Tapered Stacks 


The stack of the locomotive prototype of the experimental model 
had a tapered top portion combined with a cylindrical inside exten- 
sion, as shown in Fig. 1. This type of stack, hereafter called “top- 
taper” for brevity, is in favor with many railways. Stacks of this type 
available for test included the following: the No. 1B with inside ex- 
tension; the “top-draft” stack later described, and the No. 2 stack, 
with the top cylindrical section removed and skirts Nos. 2, 3 and 4 
applied as outside extensions. All results are tabulated in Table 20, 
and in Fig. 22 the air-flow curves for these stacks with the 1/4Y 
nozzle are shown. In Fig. 50, the dimensions of all except the modified 
No. 2 stacks are shown. As compared with results from a No. 2 stack 
extended to equal height (i.e., 2-T-1, 2 in. higher than standard), the 
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use of the No. 2 skirt as a top flare (No. 2~T-2) produced a marked 
improvement in air flow; with skirt No. 3 in place of No. 2 (2-T-3) the 
results were better than for 2-T-1, but not as good as for 2-T-2; with 
skirt No. 4 the taper was so large that the steam-air stream did not 
follow the sides, and the air-flow results were below those for 2-T-1. 


Figure 22 shows the air flow for the 2~T-2 with its full height, also 


with a reduction factor applied based on previous stack-height tests 
to make it comparable with the others; also for the top-draft (TD—O) 
tested without top-draft opening, and for the 1B-4—L and the 1B-4-3. 
All of these stacks produced slightly better results than those obtained 
from the No. 3 and No. 4 stacks in comparable tests; these latter, with 
the No. 8, gave the best performance, with the standard nozzle, for 
the stacks with continuous taper. The superior performance of the top- 
taper group indicates that, for stacks of equal minimum diameter and 
equal F, the placing of the taper in the upper half or third of the 
stack height gives results equal to or better than those obtained by 
tapering the full length, and that this top taper may be as great as 1 in 
5; if greater than this the effective stack height is reduced, due to the 
failure of the stream to follow the walls. 


32. Performance of Special Stack-and-Nozzle Arrangements——A 
number of special stack-and-nozzle arrangements were tried as a 
means of testing the performance of certain forms of construction 
which have been advocated. 

Of these special arrangements, two may be briefly dismissed. The 
wide-flare nozzles of series U, with diameters of 1% and 1% in., re- 
spectively, at the base, and 2 in. at the top, were tried repeatedly with 
various large-flare stacks as opportunity offered. In every case the 
results were of no value or importance; the jet “spilled” all over the 
front end with every stack arrangement tried except the 1B-6—L 
(F = 2% in.); with this stack it was possible to confine the jet, and 
the results obtained were fair as to air flow, but low in terms of the 
efficiency ratio Wa/Ws. The vibration set up was such that it was 
almost impossible to maintain any stack form—the extension and flare 
were shaken down repeatedly. At all pressures above 1 lb. a shrill 
whistling noise was set up. 

The idea that a stack of very great height would be advantageous 
prompted the suggestion of dividing the jet into four equal streams and 
the stack into four equal parts by means of cross walls. This combi- 
nation produced no results of any interest, the air flows for the com- 
bination with and without the cross walls, using the No. 1 stack, varied 
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only about six per cent, and in favor of the normal arrangement 
without the dividing walls. 

Out of this experiment came the nozzle which has been termed the 

“pepperbox.” It was originally intended to use this for the divided 
stack experiment only, but the nozzle did such good work that it was 
continued in use and tested with almost all of the stack arrangements 
tried. 
A trial made with this nozzle and a method of spreading the steam 
jet is of considerable interest. In the center of the top of the nozzle 
a quarter-inch stud was placed, and on this stud a small inverted cone 
was mounted. The cone was 1 in. high, with a base diameter of 1 ame 
it was so arranged that it could be moved vertically on the stud 
through a range of 114 in. It was expected that the jet would be ma- 
terially altered in form for any position of the spreader but it could 
be easily observed that the change was not very great, and that the 
usual central cone of the jet formed above the spreader with an ap- 
pearance little different from the normal for this nozzle. The 1B—-4—L 
stack was used so there was no “spilling” of the steam jet around the 
flare. In Table 21, the performance with two extreme positions of the 
spreader is shown, and also for the nozzle without the spreader. The 
latter gives the best performance, and shows that the spreader some- 
what reduces the effectiveness of the jet. 

A type of nozzle with opening arranged as segments of a circle, 
the “annular nozzle” of Fig. 53, was tested with the No. 1 stack and 
the results are shown in Fig. 13. On page 69 is a schedule of sizes and 
areas made possible by changing the center plate of this nozzle. It 
appeared at the time the first tests were made that a stack with larger 
flare would favor this nozzle, and accordingly it was retested with 
several other arrangements having larger flares. For these later tests, 
only the three useful sizes were used, the center plates being 1.25, 1.5, 
and 1.77 in. in diameter, corresponding to plain circular openings of 
1.90, 1.75, and 1.5 in., respectively. The best results were obtained 
with the 1B—4—L stack. The use of the 1.25-in. plate (1.25A nozzle) 
resulted in a steam flow slightly larger than that obtained with the 
134Y nozzle, and an air flow not significantly different from that found 
with the 114Y, and hence efficiency ratios which need no further con- 
sideration. The 1.5A and 1.77A nozzles when tested with this stack 
gave results of some interest as shown in Fig. 23. The showing does 
not favor the special nozzle; in comparison with a circular nozzle of 
the same area, the special nozzle discharges about 20 per cent less 
steam, entailing a higher back pressure for the same steam discharge. 


_ « ‘ ewe : ss 
. P - 


92 | ILLINOIS ENGINEERING EXPERIMENT STATION | 


er bin: rea See ona 
rose AS BUEN Od Fasc! 
Gib GN Rial 
pes ad alba Gd se 
Roc ees 
pas be NEN e 
[a Ga is NB la 
oii RR BSS Ws 
DIGI eto dnae asada 


Cover Flare 


Diamerer- 


(@)-No.1(B-4-L. Stack 
Avaailar (A) Nozzles 


al 9 a ls 
ima 2000 


leper TPT COLL Sse 
OE cope cl 
eee ETT 

ana 


LEY 
8 ye 
Basker Briage sr ie! 
| 
; ii i -* 


voy 

ce 7% 
7 424 
(6) - No. (8-4-L Stack 

Basket Bridge Nozz/é 


LENE LIEN 


PP a ec 
tT | SSN 


Pe Se SO 


4000 ie 
baster ee 


Basker Bridge 
te ee 


Fig. 23. Tests or ANNULAR Nozztes anp Basket Bripce Nozzir 
witH No. 1B-4—L Stack 


7 


A STUDY OF THE LOCOMOTIVE FRONT END 93 


The Pe enance as to air flow per pound of steam for the 1.77A and 


1%Y nozzles was nearly equal; the special nozzle was slightly better 


at high pressures. Apparently nothing was accomplished with this 
type of nozzle which cannot be realized by a mere enlargement of the 
plain circular nozzle. The 1.5A nozzle was also tried with the 1B-1-6, 


9A, and 9B stacks without significant results. 


A type of nozzle which is in considerable favor at the present time 
is the “basket bridge” type, where a cross bridge is placed in the path 
of the steam jet at some distance above the mouth of the nozzle; the 
belief is that the jet will be broken up to some extent without materi- 
ally reducing the amount of steam which would normally flow through 
the opening. The nozzle tested was identical with the 14Y, except 
that a metal cross 1% in. wide was placed 34 in. above the opening. The 
cross, if placed directly over the opening, would have resulted in a net 
area of 1.39 sq. in., a 21-per-cent reduction. The actual steam flow 


was less than that for the 14%Y nozzle by amounts varying from 7 


per cent at low pressure to 13 per cent at the highest rate (see Fig. 
23). In terms of air flow the nozzle performed excellently, the air 
moved for pressures above 3 pounds being significantly greater than 
for the 14%4Y, in spite of a smaller steam flow. This nozzle gave a 
unique ratio curve, almost a straight line, and lying almost exactly on 
the line W,/W, = 3 for its entire length. However, before this satis- 
factory action was secured, four different stack arrangements were 
tried and found unsatisfactory, due to the tendency of the jet to “spill” 
out of the stack flare. 

The standard form of smokestack for many years was one with 
no inside extension, but with one or more lift pipes or draft pipes 
(“petticoat pipes”) located between the top of the nozzle and the base 
of the stack.. This arrangement is rarely used in modern engines, but 
in some cases an “overdraft” or “top draft”? arrangement is used, in 
which the stack extension is set down some inches below the base of 
the stack proper, leaving an opening out of which additional gas may 
flow. The arrangement developed for the model is shown in Fig. 51, 
the top of the stack corresponding to that of the No. 3; No. 4 flare was 
used on the bottom, and the te nos F was maintained (414 in.); the 
top draft could be made %, 1%, or 2% in., as desired, or it could be 
eliminated entirely. Figure 24 shows the air-flow results obtained from 
these stacks (the 154-in. opening not having been fully tested) for the 

11%4Y and 134Y nozzles, also one run with the pepperbox nozzle. The 
tests with the large nozzle were later repeated, and each set duplicated 
after an interval during which another stack arrangement had’ been 
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Fic. 24. Arr Frow Curves ror Top—Drarr Stacks 


The top-draft stacks all gave good results, but apparently the amount of opening had 
little effect. 


set up on the model; in all cases the results showed slightly the best 
performance for the stack with the top draft eliminated, a decrease in 
air flow scarcely significant when the top draft was % in., and a 
slightly poorer showing when the top draft was the maximum. The 
arrangement as a whole gave a very good account of itself, especially 
with the pepperbox nozzle, as is shown by the comparison with the No. 
3 stack and the curves of Fig. 22, the air flow corresponding to 1300. 
lb. of steam per hour being 4150 Ib. ~ 

The use of a large funnel on the base of the stack, extending almost 
to the table plate, has been tried. This was imitated in the model by 
the No. 5 flare used with the No. 1B stack. With a 2-in. extension 
(stack No. 1B-2-5) F was reduced to 1 in., but this was found to be 
very inefficient and the extension was reduced to 1 in. (stack No. 
1B-1-5); after this change the arrangement worked fairly well. A 
further reduction of the extension increasing F to 3 in. brought the re- 
sults into the range of performance of other stack arrangements as 
shown in Tables 6 and 18. The performance is equivalent to that from 
the Nos. 3 and 4 skirts, and inferior to the results from the curved 
flares. 

The RL nozzle is rectangular, the ends slightly arched; the nozzle 


A STUDY OF THE LOCOMOTIVE FRONT END 95. 


RL (235 %0.8") 


fee 


» | at | 


VA 
é 


e “FL Nozzle 


© 
U/ 
es 


18 Stack with 
Swecial Skirt 


RL with Special Skirt 
RK yf. el 


Fig. 25. Tests or Recranauiar Nozze 
No advantage over the standard round nozzles can be found. It is of interest that the 
ables nozzle gave a poorer performance with the oval skirt than with the regular 1B-4-L 
stack. 


available for test was 2.35x0.8 in. in size, its area corresponding to 
that of a circular nozzle of 1.55 in. diameter. On account of the claims 
made for this nozzle in the past and its very ordinary showing in these 
tests, it was felt that it had perhaps not been done justice, and it was 
consequently retested, both with the ordinary type of stack and with a 
special stack, and check tests on two Y nozzles were made at the 
same time. The steam flow for the rectangular nozzle is comparable 
with that for the 1%Y nozzle, in spite of its having a larger area than 
that of the 14Y. Figure 25 shows the results of the four tests. The 
oval skirt used (not used on any other arrangement) was 714 in. high, 
fitted the base of the No. 1B stack, (41% in. diameter) and at the base 
was 7% in. long by 4% in. wide, and flared slightly at the mouth. The 
long axes of both nozzle and skirt were parallel to the tube sheet. The 
value of F was 3% in. It is interesting to note that the nozzle did not 
do as well with this special skirt as with the standard large flare, 
though the differences are scarcely significant. The steam-air ratio 
curve is fairly good, but below that for the 194Y nozzle at every rate. 
The performance on the whole was similar but inferior to that of that 


nozzle. 
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= The tendency in European locomotive design is to place the nozzle 
higher in the smokebox, and a study of the front-end arrangement sug- 
gests that this might give the gases better access to the bottom of the 
stack as a result of lifting the latter higher up from the table plate, 
and shortening the path of some of the gas traveling through the net- 
ting. As a test on this arrangement, the 414-in. X (1.5Z) nozzle, raised 
by one ring, was tried with the 1B-1-L stack, giving the standard F 
of 444 in. The results of the trials were not in favor of the high nozzle. 
The nozzle used shows no significant difference in steam flow from the 
114%4Y up to 5 Ib. pressure; at 8 lb. the discharge is 2.6 per cent less. 
The air flow for this arrangement fell 3.5 per cent below that for the 
14%4Y nozzle with the 1B—4-L stack at low pressures, and 7 per cent 
below at high pressures. This arrangement placed the mouth of the 
nozzle almost exactly on the center line of the boiler, and the bottom — 
of the flare almost one-fifth of the diameter of the smokebox above it. 
It is manifestly inferior to the standard arrangement with the top of — 
the nozzle about 3 inches below the center-line. 

“Filling the stack” is a consideration which has been much dis- 
cussed, and previous investigators of the front end have found con- 
ditions of stack-and-nozzle arrangement where the steam jet left the 
stack without coming into contact with the walls, there being as a ~ 
result either a clearly visible mantle of smoke around the steam jet 
at the top of the stack, or else a reverse flow of air around the steam- 
and-gas stream into the smokebox. In the present investigation it 
was found that a 114-in. nozzle nicely filled a stack with 5-in. bottom 
diameter; later a one-inch nozzle was tried with the 1B stack and 
gave very good results (diameter ratio 4.5 to 1). The jet from this 
nozzle was deflected backward at least half-an-inch,* but the top of 
the stack was uniformly filled, indicating some reverberation within 
the stack. Finally the %Y nozzle was tried with the 1B-4—L stack, 
being given a thirty-minute run at 8 pounds pressure. The steam dis- 
charge (estimated on the area ratio) would be 660 lb., the measured 
air flow was 3190 lb., and the W./W, ratio corresponding is 4.8, 50 
per cent better than the results for the best practicable nozzles. The 
draft in front of the diaphragm was 2.0 in., hence the relation be- 
tween draft and air flow is almost exactly on the standard curve relat- 
ing these values, and there could have been no reverse flow of air 
possible. This latter fact was carefully verified with pitot tube ex- 
ploration all around the rim of the stack. It appears certain that for 
a properly-set nozzle there can be no failure to fill the stack for a 


*Opinion of four observers. On this jet deflection see Chapter VI, Section 39. 
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diameter ratio of 4 to 1, and a ratio of even 5.15 to 1 gave good results, 
for the stack arrangement used. 

The “hooded jet” test referred to on page 85 was made with the 
—1%Y nozzle and the 1B—-4-L stack, a metal cone being placed around 
_the nozzle and extending clear up to the base of the stack. The pur- 
pose of the test was to find what loss in performance there would be if 
the air were prevented from coming into contact with the jet below the 
_base of the stack, and it was found that there was a general loss in air 
flow of the order of 15 per cent. . 

The No. 9A stack,was developed from the No. 9B by replacing 
the normal small flare with a special flare similar to No. 6 (Fig. 48). 
The diameters of the flare at the top and bottom were 5 and 7 in. 

respectively, and the height of 5 in. gave a standard F of 414 in. This 
flare was made especially for use with the annular nozzles in the hope 
of finding a method of improving their performance, but failed in this 
respect. With the Y nozzles and the pepperbox nozzle however, it gave 
very satisfactory results. The air-flow data are given in Table 21. 
The results for the pepperbox and 144Y nozzles are very similar to 
those in Fig. 24 from the top-draft stack with 5 in. opening, except 
that the pepperbox nozzle results were 100 lb. low at 8 lb. pressure. 
The 1% and 134Y nozzles also did correspondingly well. If reference is 
made to the comparisons of Section 31 of this chapter, the 9A-pepper- 
box combination with a flow of 4100 lb. of air for 1300 lb. of steam is 
one of the most efficient combinations found. : 


33. Effect of Dimension F.— From the beginning of the investiga- 
tion it was clear that variations in F (the distance between the top 
of the nozzle and the bottom of the stack—see Fig. 1), within reason- 
able limits, produced surprisingly small changes in results, and it was 
also apparent that this dimension could not properly be discussed 
without consideration, at the same time, of the relation it bore to the 
total height from the nozzle to the top of the stack. To study the effect 
of changes in these two variables a series of tests were run on the No. 
2 (cylindrical) stack involving the use of both internal and external 
extensions resulting in the following range of values: variation in f 
from 214 to 10% in.; variation in total height of stack from 5% to 
23% in. The stack was modified for this series by the use of the large 
flare for most of these tests. Figure 49 (Appendix A) indicates the 
various combinations of extensions, F, and total height used. The 
114Y nozzle was used throughout, and the air-flow data are presented 


in Table 19, Appendix D. 
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Fic. 26. Variation or Air FLow ror Constant Stack HrigGHt AND VARIABLE F 
In effect the entire stack is moved vertically. The best range of F is fairly well defined 


The data given in this table may be analyzed along three lines of 
investigation: 

(a) With constant Ff, the results of varying the stack height. 

(b) With constant stack height, the results of varying F. 

(c) With constant outside extensions of several lengths, the results 

of varying F. = 

The first set of relations has been considered under the heading 
“stack height.” The second relation involves moving a given length 
of stack (in effect) up and down through the stack opening in order 
to vary F, a condition of fairly limited application in actual practice, 
since in general the stack height used is about as great as is practica- 
ble. The third relation involves the question actually encountered 
in front-end design: with a fixed distance from the top of the nozzle 
to the top of the smokebox, how much shall be used for F and how 
much for stack extension? 

The results of the use of constant stack heights are shown in Fig. 
26. For both heights of stack for which a complete range of F values 
is available (18% and 15% in.) a range of definite best values for F 
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In this case the position of the top of the stack is fixed at a given distance above the 
nozzle, and F varied. For practicable values of the distance H + F (those below 24 in.) the 
best value of F is fairly well defined. 
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*This line represents the large flare on the No. 2 stack; all other lines represent modifications of the No. 1B stack 


is indicated, this range being from 4 to 6 in. (Note that the stack is 
41% in. in diameter.) In the case of the 131%-in. stack the best value is 
attained at 4 in.; for the 15%-in. stack the best value is between 4 and 
6 in., but tests of a 5-in. F gave results not significantly different from 
the adjacent values. For either stack, the performance varies but little, 
there being only 11 per cent difference between results for the best and 
poorest values for F’. 

The results obtained from a constant outside extension and varying — 
values of F, combining the variation of F and stack height, are shown 
in Fig. 27a-f. The stacks with shortest outside extensions showed some 
indications of a best-value range about 5 in., but as the outside ex- 
tension was lengthened the curves flatten and tend to run entirely 
down hill; for example, with the 4-in. outside extension and small 
flare, a 2-in. F gave the best results, and for the large flare, the results 
showed a slight advantage for F —4 in. This best value definitely 
decreased as the outside extension was increased, so that for the great- 
est extensions, the 2-in. F gave the best results. This, however, marks 
the minimum F; a further decrease to 1 in. results in a considerable 
falling off of air flow for all extensions and all pressures—as much 
as 25 per cent reduction at the highest pressures. 

The general conclusion must be in favor of a small value for F; 
with practicable outside extensions (up to 8 in.) results from F values 
of 4 to 6 in. are best, with practically no choice of a best value within 
this range, if the flare is large; if the flare is small, the best values 
are found with F from 2 to 4 in. 


a 
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Further information as to the effect of the variation of F is shown 
in Table 7. The air-flow figures for 1500 Ib. of steam per hour from 
Tables 6 and 19 (Appendix D) have been compared with the air flow 
for F —4¥Y, in. as a base; the table shows the percentage increase or 
decrease in flow found for other values of F. 

From this table the following facts are clear: 

(1) The variation due to F is quite small in any case Vand 10/16 
often obscured by variations in the form of the flare or other variables. 

(2) Neglecting the impracticable No. 1 skirt (with no flare) all 
others show a range of best values for F, not very sharply defined; 
this range is from 4 to 6 in. for the large flare, and from 2 to 4 in. 
for the small flare. 

(3) Other conditions being comparable, the best value of F is 
slightly less for a larger nozzle, and it is to be noted that all of the 
values shown represent tests made with the most compact jet possible, 
that issuing from a circular orifice. 


34. Summary and Conclusions.— 


(a) General 


(1) The merits of any front-end arrangement, embracing a com- 
bination of devices and dimensions, must be measured by two stand- 
ards: the discharge of the required amount of steam at the lowest 
possible back pressure, and the drawing through the front end of an 
adequate volume of air or combustion gases. Failure to meet either 
of these requirements is detrimental to the efficient operation of the 
locomotive. 

(2) This portion of the investigation deals only with the front-end 
arrangement; variation of the steam discharge or flow is introduced, 
however, for the double purposes of checking the general level of each 
individual determination by its relation to the corresponding values 
for other rates, and to ascertain to what extent the performance curves 
cross each other—i.e., to what extent an arrangement may be efficient 
at one rate and inferior at other rates. Except for inevitable indefinite- 
ness of performance at 1 lb. steam pressure, there was very little inter- 
section of the steam-rate or air-flow curves—an arrangement proving 
to be good at one rate standing in the same relation at all rates. The 
utmost care in steam pressure adjustments was necessary—a slight 
variation in this submerged the effect of almost any other variable. 

(3) The purpose of varying the front-end arrangement is the at- 
tempt to secure the desired high ratio of air flow to steam flow while 
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at the same time maintaining a high ratio of steam flow to exhaust 
pressure. These are conflicting conditions, since in general as the nozzle 
diameter is increased the air-to-steam ratio (W./W;) decreases, while 
the pressure ratio (W;/P;) also decreases, and vice versa. The ulti- 
mate purpose is to select those forms and combinations of stack and 
nozzle in which both ratios will have satisfactory values, and hence 
good combustion be secured at the cost of moderate exhaust pressure. 


(b) Nozzles 


(1) Nozzles with openings geometrically similar and approaches 
to the openings having even a rough general resemblance, give steam 
flow rates for a given pressure almost precisely proportional to their 
areas. 

(2) If the steam flows against a hook, incurving edge, or shoulder, 
the flow will be reduced in proportion to the eddy effect set up around 
this obstruction, but there is nothing to indicate that vigor of entrain- 
ing or mixing action is promoted by the use of such obstruction. 

(3) Vigor of entraining and mixing action is somewhat increased 
by increasing the perimeter of the stream of steam emerging from the 
nozzle, the best effects being found in those nozzles where the stream 
is actually divided at the orifice. There is a limit to this effect, how- 
ever, and too much division is a disadvantage. 

(4) Aside from the actual amount of steam being discharged in 
a certain time, the velocity of discharge is the most important vari- 
able; the larger the velocity, the more vigorous the action. 

(5) On the basis of comparison with the 14%,Y standard round- 
orifice nozzle, the following statements may be made with regard to 
the special nozzle forms and openings used: 

Nozzles with varying taper in the approach to the orifice (W 
series) gave no results significantly different from those from the 
standard nozzle. 

Expanding nozzles with chamfered throats (Z series) gave in- 
creased steam flow results for all pressures, but the corresponding air 
flow was distinctly inferior to that produced by the standard nozzle. 

Nozzles with incurving edges (T series) gave results similar to 
those from standard nozzles of smaller diameter than that of the 
special nozzle. Smaller steam flow at the same pressure corresponded 
with air flow reduced in about the same ratio, with efficiency ratios 


nearly equal or slightly inferior to those for the standard nozzle in 
consequence. 
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Nothing in their performance could be found to recommend the 
rectangular or square type of nozzle, both steam and air flow de- 
creasing in about the same ratio below that of the corresponding 
standard nozzles. 

The annular type of nozzle gave a fairly good performance with 
the most suitable stacks, but nothing was secured which could not 
be obtained from the use of a plain circular nozzle. 

The Pennsylvania or Goodfellow tip, the bridge type, and the 
pepperbox type nozzles all gave good performance with all stacks 
tested, the latter making the best showing in general, and in combi- 
nation with the No. 4 stack giving the best results from any combina- 
tion, including a stack of standard height. The pepperbox nozzle is 
typical of several commercial nozzles with the jet definitely divided, 
and these tests show that good results should follow the use of this 
type of nozzle with any form of stack. 

The basket bridge nozzle gave a very good performance with a 
stack having sufficient flare at the base so that the jet did not “spill.” 


(c) Stacks 


(1) Tapered stacks proved better than cylindrical stacks of the 
same minimum diameter under every condition tried. 

(2) The efficiency of the tapered stack improved with the increase 
of taper up to about 1 in 10; a larger taper than this resulted in poorer 
performance with the nozzles of circular opening, but the taper may be 
increased somewhat more when nozzles of the jet-splitting type are 
used. 

(3) Increasing the diameter of the cylindrical stack produced an 
improved performance with any nozzle practicable for use with the 
proportions of the prototype in mind. The best ratio found for the 
stack diameter was 3.5 nozzle diameters. The best performance pro- 
duced by a straight stack is improved by the use of a tapered stack 
of slightly smaller base diameter. 

(4) Stacks with cylindrical inside extensions and tapered tops 
gave very satisfactory performance; the taper of the upper third can 
be as great as 1 in 6 with advantage. 

(5) For the standard 114Y nozzles the stacks giving the best per- 
formance had a narrow range of diameters at the top: No. 3, tapered, 
5¥4 in.; No. 7, cylindrical, 5 in.; No. 8, tapered, 514 in. No. 3 was the 
best by a negligible margin. In view of this there is no reason to be- 
lieve that a further increase of taper on the large diameter series 
would have resulted in further improvement over the No. 3 and No. 8. 
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Fia. 28. Comparison or Various Stack AND NozzLE ARRANGEMENTS 


(6) All tests indicate conclusively that, within normal clearance 
limitations, the largest outside extension possible is advantageous. 


(d) Skirts and Flares 


(1) The use of a funnel-shaped or flared stack-base produced a 
material improvement in performance. 
. (2) For a given increase in the diameter of the flare over the main 
portion of the stack, ease of entry for the gases must be considered. _ 
It was found that for equal flare diameter the curved flare gave better 
results than the straight skirt which presented an angle in the gas pas- 
sage; the use of a wide curved flare of parabolic form had no ad- 
vantage over the use of a short flare of quadrant cross section. 

(3) The use of a large funnel extending well down over the nozzle 
has nothing to recommend it. 


(e) Dimension ‘‘F”’ 


The value of the dimension F has surprisingly little effect on the 
performance when considered in the light of the normal design problem, 
that of a fixed distance from the nozzle to the top of the stack. Values 
ranging from 34 to 1.5 times the diameter of the stack gave the best 
results, the larger values entailing the use of a flare of larger diameter. 
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Typical Performance Showings 


_ As a summary of the data presented, Fig. 28 is drawn, showing 
_ the performance of several arrangements as follows: 

The No. 1 stack and the 1144Y nozzle, the general basis for com- 
_ parison. 
. The same nozzle with the No. 2 top flare stack (2-T-2), a practi- 

cable stack showing very good performance. 

The same nozzle with the No. 1 stack with a 13-in. extension (No. 
1 + 18 in.) showing the largest amount of air moved by the standard 
nozzle in any test. The stack, however, is much too high for prac- 
tical use. 

The pepperbox nozzle with the No. 4 stack, the best combination 
of a nozzle approximating the capacity of the standard with a stack 
of standard outside extension. 

The basket bridge nozzle (S—B) with the 1B-4—L stack, showing 
a good performance in terms of air moved, and a remarkable efficiency 
curve. 


VI. Move, Test Resutts; OPERATING VARIABLES 


35. Operating Variables—The preceding chapter was devoted to 
tests involving various arrangements of the front end with regard to 
the stack, nozzle, and “F.” In that chapter the only variable which 
referred to operating conditions was the variation in the jet pressure 
and the flow of steam, corresponding to different rates of working for 
a locomotive with a given front-end arrangement. In the present 
chapter, the results obtained from a constant front-end arrangement 
(or from a relatively small number of variable arrangements in the 
ease of the hot gas tests) will be examined with regard to operating 
conditions; further attention will be given to the effect of jet pressure 
variation, also of the temperature of the gases moved by and through 
the front end, of the humidity of the atmosphere, of pulsation in the 
steam flow, of the temperature or superheat of the steam, of weather 
conditions in general, and of the choke. 


36. Effect of Variation in Steam-Jet Pressure—The effects of this 
variable have been quite fully exhibited in the previous chapter, where 
for each arrangement a series of jet pressures was used. The steam 
flow increases with the pressure, but in much less than a direct ratio. 
Most of the runs terminated at eight pounds pressure, but lower term- 
inal pressure for the larger nozzles was required by the steam line from 
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Fic. 29. Tests or 1Y Nozzie with No. 1B Strack 


the power plant. In order to examine the effects of higher pressure a 
series of runs was made using the 1Y nozzle with pressures as high as 
17 lb. The results from these tests, in which the 1B stack was used, 
are shown in Fig. 29. As can be seen, typical results are merely ex- 
tended into a higher pressure range. 

Considering that the discharge from the nozzle is into a region of 
virtually atmospheric pressure, when the jet pressure reaches a value 
of 12.0 lb., the critical pressure for steam of low superheat is reached. _ 
For higher pressures the discharge increases faster than it would had 
the same laws of flow obtained as at the lower pressures, but there is 
no change in the general form of the flow relation found, up to the 
highest pressure at which it was considered safe to work the model, 
and the parabolic P;-W, curve remains. 


37. Effect of Temperature of Gases or Air—In Chapter IV and in 
Appendix A the methods of heating the air for the tests are described. 
The original method, that of passing the air over a bank of radiators, 
gave little information of importance on account of the limited tem- 
peratures obtainable. Such results as could be obtained are in har- 
mony with those found by the later method of heating the air by 
means of a gas flame, so that the front end actually moved products 
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This figure shows the reduced flow of air plus combustion gases for tests run at atmospheric 
temperature and various higher temperatures. 


of combustion, and with this arrangement there was no temperature 
or quantity limitation. The tests fall into two general groups: those 
with constant gas temperature and varying steam and gas flow, and 
those with constant steam flow and varying temperature and gas flow. 
In the constant temperature tests, a condition of approximate tempera- 
ture equilibrium was found, in which the relations of gas flow for heat- 
ing and steam flow were so adjusted that there was very little variation 
in temperature during the period of a set of readings (8 to 12 min- 
utes); this variation was never more than ten degrees, and usually 
could be kept within three or four degrees.* 

From the analysis of the illuminating gas used and a study of the 
combustion reactions which took place, it was found that the products 


*Perfect equilibrium and constant temperature were impossibilities. If, after an hour or so of 
adjustment, such a condition was attained, a gust of wind outside (the doors all being closed) was 


sufficient to destroy it. 
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This figure incorporates the same data as Fig. 30, with the results of the cooling-off tests 
in addition, in order to exhibit the temperature effect through a wider range. 


of combustion had almost exactly the same density as air, conse- 
quently each pound of gas burned was equivalent to the addition of 
a pound of air to the amount moved by the front end, assuming perfect 
combustion; the correction in pounds per hour is only about 4 per cent 
of the gas meter reading (in cubic feet per hour), or so small that it » 
could almost have been ignored. 

Twenty-one combinations, including six different nozzles and four 
stacks, were selected for the hot-gas tests. The determinations made 
were as follows: 


Tests at the standard high temperature (630 deg.)........ 198 
Tests at constant lower temperatures...............-00- 37 
Tests at constant pressure, cooling down................. ua 
Cold-air. testa for ComparisOn «5.3 Asc pein ee ee eee 209 


Appendix E presents summaries of all of the tests run with hot gas 
and the cold-air tests run for comparison with each hot run. 

Figure 30 shows the results obtained for all temperatures with the 
144Y nozzle and the 1B stack. These data are taken from a series of 
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determinations during which the following tests were made: a series 
with the temperature of the gases at approximately 630 deg. F., three 
to six runs (each corresponding to a different pressure) at the follow 
ing lower temperatures: 568, 503, 431, 360 and 285 deg. F., and a 
“cold” run with six pressures at atmospheric temperature. As a check 
on the limiting conditions, four other series of runs are included in the 
plotted data—two at 630 deg. F., and two “cold” runs. The gas 
burners were in use for all of the hot runs shown in this plot. The 
figure shows a decrease in air flow (ranging from 17 per cent at low 
pressure to 21 per cent at the highest pressure) for the 630-deg. runs, 
below that for the atmospheric-temperature runs; the curves for the 
intermediate-temperature runs distribute themselves proportionally 
between the limiting curves. 

In Fig. 31 the same data are shown in a different arrangement, and 
with data from cooling-off runs added. After having made a complete 
series of determinations at 630 deg. F., and another with cold air, the 
steam pressure was set at the desired figure, and the temperature 
varied by decreasing the flow of illuminating gas to the lowest amount 
at which combustion could be maintained, the flow being adjusted to 
give a series of predetermined temperatures at about 70-deg. intervals. 
When the limit of combusion was approached the gas was turned up 
considerably and the temperature raised to such a point that, when 
the gas was shut off entirely, the drop in temperature which occurred 
(almost instantly) would not result in a temperature gap in the curve; 
and an overlap of conditions was secured if possible—in order that 
readings might be taken at the same temperature with and without 
the burners in operation. The curves of Fig. 31 show a satisfactory 
verification of the combustion corrections, in that practically identical 
results were obtained for any temperature where the comparison be- 
tween air flow with and without the burners can be made. 

A similar set of runs using the 154Y nozzle and the No. 4 stack 
was also made; these included cold tests, 630-deg. tests, and series of 
tests with three lower temperatures. No cooling-off runs were made 
in this group, however, and a plot similar to that of Fig. 31 becomes 
less significant. (The preparation of the 19gY data for presentation 
showed the usefulness of the information from the cooling-off tests, 
and resulted in the more extensive series in the later 14%Y runs). The 
154Y-No. 4 combination gave no results in conflict with the series 
which has been fully presented, nor did it give any added information, 
except as to the performance of the stack-and-nozzle set-up, which is 
shown with the next group of figures. The compilation of the data is 
shown in Table 23, Appendix E, but no curves are drawn. 
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There is no correlation between any characteristic of the nozzle or stack and the reduction 
in flow, but there is definite variation in the reduction with the cold-air flow for the same ar- 
rangement, 


The relation between the two outside curves of Fig. 30 for the 
various stack-and-nozzle combinations remains to be shown. In Fig. ~ 
32a-d these relations are shown for all of the twenty-one combinations. 
Of several methods which might be selected the one chosen for show- 
ing the results probably places the most emphasis on the differences 
in performance, but from the curves as drawn it is not possible to see 
that any given nozzle, or stack, has any particular characteristics as 
to greater or less loss, etc. All of the curves with the exception of the 
No. 8-pepperbox combination give a consistent range of reduction 
percentages. The erratic case may justifiably be ignored, as the cold 
test data were unsatisfactory and no check test was possible. The 
indications of the curves may be summarized as follows: 

(1) There is no relation between the reduction in gas flow due to 
heating characteristic of any particular type of nozzle. 
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(2) There is no relation between the reduction and the stack used. 

(3) A definite relation exists between the amount of air flowing 
under cold conditions and the percentage of reduction due to heating, 
the reduction increasing with the flow. 

An assembly of the results obtained from the cooling-off tests is 
shown in Fig. 33. This set of curves represents the data from the 
144Y-1B stack combination, and is thoroughly representative of all 
of the results of this particular portion of the investigation. For the 
temperature range of interest in locomotive operation, from 400 to 700 
deg. F., the reduction in flow of hot gas (Wax) below the cold air flow 
for the corresponding steam pressure and front-end arrangement is 
approximately given by the following equation, derived from Fig. 33: 


ee, ie za (cee 
eee! (5 = 0.42 
Wn. (in per cent) ( Ae - 1000 


This formula is based on the data from a single stack-and-nozzle ar- 
rangement, but expresses a relation not affected by the arrangement 
and is applicable to any. Justification for the use of an average 
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TABLE 8 
Repuction 1n Gas FLow Dur To TEMPERATURE VARIATION 
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Percentage Reduction Factor to be Used to Find Flow of Hot Gases in Ib. per hr. 


Temperature in Corresponding to a Cold Air Flow per hr. of 
Smokebox 
deg. F. 2000 Ib. 3000 Ib. 4000 Ib. 5000 Ib. 6000 Ib. 
400 8.7 10.2 11.5 14.3 16.9 
500 12.4 13.9 15.2 18.0 20.6 
600 16.1 17.6 18.9 21.7 24.3 
700 19.7 21.2 22.5 25.3 27.9 


relation to represent the reduction in flow due to heating the gas is 
found in several facts: the variation from this average is such that 
the order of meritorious performance of the different stack-nozzle com- 
binations is unchanged; the variation is about the same as that found 
in day-to-day performance of any single arrangement; the variations 
are within the “spread” of the results of actual locomotive tests. 
Values of the reduction factor for various weights of cold air and tem- 
peratures are shown in Table 8. 

It may be suggested that the hot-gas tests should have been run 
on a program of varying the temperature with the steam flow, by 
analogy with the performance of the actual locomotive; for example, 
with 400 deg. front-end temperature for an exhaust pressure of 1 lb., 
and 600 deg. with 8 lb. This could have been done easily, but a 
regular program of temperatures would have been necessary to render 
the various tests comparable, and the use of correction factors would 
have been unavoidable in any case. At the same time the method 
adopted gives a wider range of information. 


38. Effect of Humidity of Atmosphere—Extreme conditions of hu- 
midification of the atmosphere were obtained by running a one-eighth- 
inch pipe into the heater chamber in the original form of the model, 
through which water could be discharged in a fine stream against the 
radiators. The passage of air through and around the bank of radia- 
tors was expected to evaporate or entrain this moisture, and that this 
was accomplished is shown by there being no drip from the model 
until the amount of water injected was more than three times the 
amount necessary to saturate the air. The amount of water injected 
was determined by calibration of the inlet valve, and the amount of air 
was measured in the usual way. The smallest amount of water that 
could be admitted was found to be 55 Ib. per hour, an amount which, 
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TABLE 9 
Errect or Humipiry on PERFORMANCE 


Pressure Weight of Weight of Water Dry Air Total Mixtur 
of Steam Steam Air Added Moved Moved : 
Tb. per sq. in. Ib. per hr. Tb. per hr. Tb. per hr. Ib. per hr. Ib. per hr. 

1 640 1960 0 1950 1960 
650 1950 55 1940 2005 
2 980 2670 0 2650 2670 
1010 2660 55 2640 2725 
3 1220 3300 0 3280 3300 
1240 3250 55 yr 3230 3305 
4 1410 ? 3660 0 3640 3660 
1430 3600 55 3580 3655 
6 1755 4250 0 4220 4250 
1780 4200 55 4170 4255 
8 2020 4750 0 4720 4750 
2065 4700 55 4670 4755 


added to the moisture already carried by the air (34 per cent relative 
humidity), was sufficient to supersaturate the total air flow for all 
rates except that resulting when the highest steam pressure was used. 
Table 9 shows the results obtained in terms of air and moisture moved. 
From this table the following conclusions may be drawn: 

(1) For any degree of humidity up to saturation the variation in 
the total amount of dry air moved and of mixture moved is less than 
can be dependably determined. 

(2) Conditions of supersaturation are of no practical interest, but, 
even with double the amount of moisture that can be evaporated en- 
trained, the effect on the performance is of small moment. 

(3) Excessive humidity in the model produced a slight condenser 
effect at all pressures, and, as a result, there was an increase in the 
flow of steam for a given pressure, the increase being about 1.5 per 
cent. No trace of this effect was found when the air was heated by 
means of the radiators, until over 200 per cent of saturation was 
reached. 

(4) The total range of variation is so small that no actual varia- 
tion in atmospheric conditions may be expected to measurably affect 


draft performance. 


39. Effect of Pulsating Steam Flow.—This question has received 
much attention from all investigators of the front end. Professor Zeu- 
ner, and all other users of models as a means of investigation, used 
continuous, non-pulsating flow in arriving at their conclusions. Dr. 
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Goss says that the speed of the locomotive has little or no effect, so 
long as it is so great that there will always be steam moving out of 
the stack. The practice of making boiler tests with a steady flow of 
steam has gained considerable headway in recent years. The front- 
end model used in this investigation, as originally built, was provided 
with a pulsator valve, by means of which both the speed of pulsation 
and the form of exhaust wave desired could be secured. The valve con- 
sisted of a disc rotating within a casing, and provided with slots of 
variable shape in order to simulate the variation in wave form; the 
rotation of the disc was controlled by a variable-speed motor and 
step-cones for the belt. 

Two questions in this connection require answers: what is the 
effect of the speed of pulsation, and what is the effect of the variation 
- of the exhaust wave? 

In order to study the effect of the pulsator on the action of the 
front end it was put into operation with several different front-end 
arrangements, giving results that were felt to be inconclusive on ac- 
count of difficulties with the belts and motor speed adjustments. In 
repeated series of preliminary tests, no difference in performance could 
be found except those variations in draft and exhaust pressure directly 
due to the pulsations. The steam- and air-flow gauges were unaffected, 
and gave results corresponding exactly to those obtained with steady 
flow conditions. Improvement in operation and in the technique of 
keeping the speed constant served to confirm the results of the pre- 
liminary tests. Formal series of determinations were run with the 
pulsator in operation with the 14%Y nozzle and the Nos. 1B, 1, and 9 
stacks, and with two other nozzles with the No. 1B stack, five arrange- 
ments in all. Speeds of from 40 to 140 revolutions (corresponding to 
80 to 280 pulsations) per minute were used, this being the widest range 
over which the speed of the pulsator could be held constant; varying 
pressures were used with the same speed, and varying speeds with the 
same pressure. There was a definite relation between steam flow and 
air flow for each stack and nozzle, the same for all speeds, and the 
same as the relation with the pulsator inoperative. Further, the aver- 
age pressure of the exhaust jet with the pulsator running produced the 
same discharge as a steady pressure of the same amount. (There is a 
discrepancy at 1 lb. pressure, but this was because the wide fluctua- 
tion of the mercury pressure gauge was not under satisfactory control, 
and the difficulty of reading this gauge rather than difference in flow 
is responsible for the apparent disagreement.) In Fig. 34 the data 
from the No. 1B stack used with the 14%4Y nozzle are shown. 
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The points of zero speed of the pulsator, that is, steady flow of steam, are part of the 
same general relations as those for any speed in the entire range. 


Throughout these tests no alterations in the shape of the openings 
in the valve disc were made; if neither the operation, nor any variation 
in the speed of the operation of the pulsator had any effect, no varia- 
tion in wave form could be expected to have any effect provided the 
same volume of steam was discharged in the cases compared. 


40. Effect of Temperature of Exhaust Steam.—tThere is a close 
similarity between the model and the original locomotive in the matter 
of the temperature of the exhaust steam, which ranges from 240 to 320 
deg. F. In the model there is an increase of temperature with steam 
flow, due to the radiation loss in the long line from the boilers being 
relatively lower; if the steam line is hot at the beginning of a test, 
the general average of temperatures for the series of determinations 
will be somewhat higher. Readings were never begun until after the 
steam temperature passed 245 deg. F. The highest temperature ever 
recorded was 302 deg. F., and in only a few cases were temperatures 
below 260 deg. found; within this range, no consistent effect on the 
performance of the model could be ascribed to steam temperature. The 
steam meter was calibrated for a pressure of 100 lb. per sq. in., and 
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TaBLeE 10 
Errect or StrraM TEMPERATURE ON AIR FLOW 


yi 
f ——————————————————— 
i : : ; ' 
i Weight of Weight Water | Temperature of} Saturation Mixture at Weight of Air 
‘ eam Injected team Temperature Nozzle Wa if owing 
Ib. per hr. Ib. per hr. deg. F. deg. F. Ib. per hr: W, Ib. per hr. 
955 0 264 218 955 2.77 2640 
970 10 241 218 980 2.75 2680 
932 19 220 218 951 2.71 2560 
1110 0 267 221 1110 2.86 3160 
1110 256 221 1115 2.80 3110 
1110 21 226 221 1141 2.68 3060 ‘ 
1470 0 266 227 1470 2.58 3790 ‘ 
1470 13 249 227 1483 2.54 3760 
1470 22 234 227 1492 2.48 3700 


with steam of 96 per cent quality; pressure on the meter was controlled 
by a reducing valve, but quality was not controllable and varied 
slightly, the 96 per cent representing the average condition. With a 
given jet pressure and steam temperature a definite volume and weight 
of steam is discharged through the nozzle. If the pressure is main- 
tained constant, but a decrease in quality occurs in the main, the meter 
will pass the same volume, but a greater weight of steam; the throt- 
tling at the nozzle will result in a lower superheat in the jet, and if the 
same volume is passed the weight will be slightly greater. But the 
fluidity of the steam is less, and this will tend to reduce the velocity 
and hence the weight of discharge, this in turn causing the meter to 
read lower. In actual practice these effects cannot be seen, or at least 
could not be isolated from those due to other conditions. 

A number of studies were made to determine, if possible, the result 
of varying superheat in the jet, after it had been learned that the day- 
to-day comparisons gave no results upon which conclusions might be 
based. Later, cooling of the steam was accomplished by injecting 
water from a calibrated valve. The water thus admitted was thorough- 
ly diffused in the steam by passing through the pulsator valve open- 
ings. The water-control valve was opened with as small increments as 
possible in order to obtain two or more readings with superheat still 
remaining in the steam jet, and in Table 10 are shown typical results 
selected from those of several runs. 

If additional water had been admitted in any of the cases in the 
table, the jet temperature would have dropped to that of saturation, 
and the steam quality would have been reduced below unity; when this 
happened, the front end rapidly began to fill with water, and the air 
flow fell off at least one-third. 

The variation in the air flow as long as superheat remained in the 
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steam was only slightly greater than the limit of accuracy with which 
this flow could be determined; the variation of the steam flow was 
slightly inconsistent, but this inconsistency also was scarcely beyond 
the limits of the accuracy of the measuring device. The narrow range 
of variation of the W,/W, ratio for various temperatures confirms the 
conclusion that the effect of the variation of steam temperature is not 
an important one, and that such effect as there is is probably due to 
the slightly increased loss by condensation in the front end due to the 
lower temperature of the steam; the probable range of exhaust tem- 
perature for a given steam discharge in a locomotive may be expected 
to have no measurable effect on draft performance. - 


41. Effect of Atmospheric Conditions.—In the early stages of this 
investigation it was natural to charge such variations as occurred from 
day to day in the results from an identical arrangement to atmospheric 
conditions, and much study was given to the proper corrections for 
these conditions. After considerable experience with the results ob- 
tained these corrections lost most of their importance, especially in 
the light of the fact that with identical conditions inside the laboratory 
as to barometer, temperature and humidity, a variation in day-to-day 
results was found almost equalling cumulative corrections for varia- 
tion from standard conditions. These variations were in part due to 
the prevailing air movements outside, a shifting wind resulting in 
conflicting data. Nevertheless, the making of atmospheric corrections 
could not but refine the data to some extent, and these have been made 
consistently throughout the tests where required. 

The standard conditions adopted were an air temperature of 75 
deg. F., a barometer reading of 29.40 in., and a relative humidity of 
40 per cent. Corrections for conditions actually found were made as 
follows: 

Temperature 

It has been assumed that the air was a perfect gas within the small 
range of temperatures used; since the calibration of the air gauges was 
based on 75 deg. F., the amount of air actually moved at any other 
temperature 7’ is 

Weight moved at 75 deg. F. x 535/(460 + T) 


Barometer 
The same assumption being made, and 29.40 in. having been taken 
as standard, the weight of air moved at any other barometer reading 
B is 
Weight moved at 29.40 x B/29.40 
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Humidity 


At 75 deg. F. and standard atmospheric pressure the volume of one 
lb. of dry air is 13.711 cu. ft., and of one lb. of saturated air 13.865 
cu. ft.; by interpolation, the specific volume for air 40 per cent satu- 
rated is 13.773 cu. ft. (Note that the density decreases as the degree 
of saturation increases.) For other pressures and temperatures within 
the atmospheric range the volume ratios vary so slightly that the cor- 
rections for any atmospheric condition may be based on the relations 
between the foregoing volumes. For dry air, assuming the same vol- 
ume moved, the weight will be 13.773/13.711 (= 1.0047) times that 
moved with 40 per cent saturation. For saturated air, the same volume 
being moved, the weight will be 13.773/13.865 (— 0.9934) times that 
moved with 40 per cent saturation. Hence the correction for each ten 
per cent change in humidity is 0.113 per cent, entirely negligible for 
the ordinary range of values, but of interest in special humidity 
studies. An increase in humidity above the standard results in a de- 
creased weight of air being moved. 

The use of the corrections may be thus illustrated: The reading 
of the differential gauge indicates a volume of air moved corresponding 
to 3000 Ib. per hour at standard conditions. Test conditions are: rela- 
tive humidity, 60 per cent, barometer, 29.80 in., temperature of air 
in duct, 85 deg. F. 

Humidity correction factor: 1.0000 — 70 (1.0047 — 0.9939) = 0.9977 +- 
Barometer correction factor: 29.80/29.40 — 1.0136 

Temperature correction factor: (460 + 75)/(460 + 85) — 0.9817 
Combined correction factor: 0.9977 1.0136 * 0.9817 = 0.9929 
Actual weight of air being moved per hour 0.9929 x 3000 = 2979 lb. 

In practice the three corrections can be added algebraically, since® 
0.9977 represents — 0.23 per cent, etc., adding gives (— 0.23 + 1.36 
— 1.83)— — 0.68 per cent total correction, as against — 0.71 found 
by multiplication. No correction less than 0.5 per cent has any real 
significance, as the instrumental errors certainly exceed this amount. 

As a means of investigation of the necessity, importance, and 
validity of the corrections, a series of “weather tests” were run, some 
of the conditions being produced artificially and some naturally. In 
these tests barometer readings ranged from 29.50 to 29.80 in., tempera- 
tures from 52 to 92 deg. F., and relative humidity from 21 to 77 per 
cent in special humidity tests, and from 30 to 70 per cent under 
natural conditions. Corrections ranged from “negligible” to 5.8 per 
cent for a combination of low temperature and high barometer. The 


‘ 
: 
} 


eae re . j 


A STUDY OF THE LOCOMOTIVE FRONT END nak). 


_ results as summarized in Table 24, Appendix F, show the following 


conditions, on the uncorrected results: 
(1) Day-to-day variations obscure any effect barometer changes 
may have. 
(2) Humidity variation has no consistent effect, even with the wide 
variations artificially obtained. 
(3) A low temperature results in an apparent decrease in the air 
flow and vice versa. 
On correcting the results by the methods previously outlined the fol- 
lowing facts are apparent: (a) no effects are attributable to barome- 


_ ter or humidity conditions, and (b) lowered temperature actually re- 


sults in a slight increase in the air flow and vice versa. 

If the corrections had their ideal effect, the flows of air as corrected 
would be equal for the corresponding steam pressures and hence equal 
flows of steam, in all cases where the conditions do not deviate far 
from standard; in other cases the results should vary in the direction 
to be expected in the light of investigational work with excessive hu- 
midity, and high temperature. Inspection of the results shows that the 
corrections have accomplished this. No better illustration of this than 
the results of the run 3285-89 with low air temperature appears; the 
uncorrected air flow is low, but the corrected air flow is above the 
normal, as it should be in view of the fact that high temperatures re- 
sult in a reduced flow. 

From the foregoing it may be concluded that the corrections, while 
of small magnitude, are of sufficient importance as a refinement of the 
data to warrant their use. 


42. Effect of Choke—The choke consisted of a slot perpendicular 
to the axis of the air duct, in which a metal slide having a circular 
opening was placed. By means of variation in this opening, the entire 
resistance of the model was altered, corresponding to variations in 
resistance through the ash-pan, grates, and tubes when various loco- 
motives are considered, or for a single locomotive, to variation in re- 
sistance through the fire bed. The opening in the choke was origi- 
nally fixed by selecting a size which placed the respective values of 
the draft ahead of and back of the diaphragm in the ratio of 3:2 
characteristic of most locomotive tests. 

Several series of choke tests were run, and in Table 11 the re- 
sults from one of these are presented. Four choke diameters were 
used, and for each diameter, the air flow and draft corresponding to 
five different rates of steam discharge were found. The results are 
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Dara From Cuoxe Tests 4 4 
be) 
fe Diameter of Exhaust Weight of Weight of | Draft in Front -* 
Choke Pressure i : Steam of Diaphragm iy 
’ in. Ib. per sq. in. Ib. per hr. Ib, per hr. in. of water Pad 
i 7 1 2100 720 0.55 q 
4 2 2900 9 1.15 a 
3 3450 1180 1.65 wg 
5 4250 1520 2.50 
8 5050 2020 3.50 
: 6 fe 1970 720 0.80 
“4 2 50 980 1.60 
= 3 3200 1180 2.25 
: 5 3940 1520 3.45 
8 4650 2020 4.95 
¢ 4 
5 1 1750 720 1.20 
2 2420 980 2.30 
3 60 1180 3.25 
5 3520 1520 5.00 
8 4150 2020 6.40 . 
4 1 1400 720 1.95 
2 1920 9 3.45 
' 3 2300 1180 4.90 
; 5 2850 1520 7.35 
8 3300 2020 10.95 


tween draft and air flow for each choke diameter, and the solid lines 
show the same relation for each rate of steam discharge. On any 
constant-steam-pressure curve, a decrease in the resistance to air flow, 
as represented by an increase in the choke diameter, results in the 
movement of a greater weight of air and the production of a smaller 
draft. The inadequacy of the draft as a measure of performance under _ 
these conditions is obvious. 


shown in Fig. 35, in which the dotted curves show the relation be- ; 
é 


VII. ExpiLorations IN Front ENpD AND STACK _ 


~ 


43. Object of Explorations—tThis set of studies was made in an 
effort to learn accurately the nature of the movement of the air in the 
front end as a whole, the shape of the jet, especially with regard to its 
contact with the walls of the stack, and, in general, the conditions 
attending the mixing of the steam and air in the stack as indicated by 
the pressure, temperature, and velocity existing within the jet. Prac- 
tically all of the work involved was made possible by the fact that 
only cold air was drawn into the front end, and the assumption is 
made that the conditions of mixture and the action in general is the 
same for the cold air as it would be in the case where hot gases are 
moved. 
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Fig. 35. Errect or Varyine Air Resistance oN Front Enp PrerrorMANCE 


The broken-line curves represent constant resistance, the solid-line curves constant steam 
pressure and discharge. Increased resistance results in a greater draft, but smaller movement 


of air. 


For the various explorations, the 16x 20-in. cover for the front 
of the model (i.e. the right side of the engine) was replaced by a 
curved sheet of plate glass of the same size, and the interior of the 
front end was illuminated by a small lamp with a scale so set that 
sights could be taken on it if needed. 


44. Air Currents in Front End.—Several methods of studying air 
movement in the front end were tried before an effective plan was 
found. These included the use of flour, ammonium chloride fumes, 
smoke-bombs, burning oily waste, and threads attached to the netting 
and table plate, none of which gave satisfactory indications. The 
method finally adopted was the injection into the front end of a small 
stream of water from a nozzle (similar to the tip of a medicine drop- 
per) that could be placed anywhere desired in the entire space. Water 
was blown in in the smallest visible stream, and at a rate such that 
its initial velocity was practically zero, so that the results were not 
affected by the direction of the nozzle. With this simple means air 
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movements could be easily seen wherever the water was discharged, 
and the following conditions were noted: 

(1) A surprisingly large portion of the front-end volume showed a 
practically inert condition, the drops of water merely falling, no air- 
current action being sufficient to overcome gravity. This was true of 
every position in which the nozzle could be placed above the level of 
the bottom of the flange or bell of the stack. Water dropped thus be- 
hind the stack was all drawn into the jet before it fell to the table 
plate; if dropped at the sides, and further from the center plane of 
the front end than one or two inches beyond the edge of the bell, it 
fell to the table plate and slowly evaporated. If dropped ahead of the 
transverse center of the stack, except in the extreme “corners,” where 
it fell to the plate or netting, the action of the air carried it to the 
stack. 

(2) Water discharged within a few inches of the jet of steam 
took either of two courses: the droplets went directly toward the jet 
and into it, or were deflected and carried with the air current, practi- 
cally vertically. If discharged with the slightest force toward the jet 
the former action took place, otherwise the latter. The distance of the 
discharge above the mouth of the steam nozzle had no effect on this 
action, except that, at greater distances, a larger proportion of the 
drops tended to move vertically. 

- (3) Water discharged in such a way as to enter the jet rendered 
the latter suddenly more cloudy at the point of entry; but such a dis- 
charge, even one with considerable force, had no effect on the form of 
the core of the jet, roughly a paraboloid, extending about five inches 
above the mouth of the nozzle. The water could only be made to enter 
this region by moving the discharge nozzle clear up to the “wall” of 
this paraboloid, which was considerably deformed as a result. 

Conclusions from the foregoing are as follows: 

(1) From the experiments made a fairly definite region of activity 
can be plotted, as shown in Fig. 36, outside of which air-current move- 
ments are too weak or indefinite to be determined. 

(2) Air is moved by actual mixing with the steam jet, and by en- 
trainment or surface friction; these are distinct effects in the space 
below the bottom of the stack, with the mixing effect apparently pre- 
dominant near the mouth of the nozzle, and the entrainment effect in- 
creasing as the distance from the nozzle increases. 


45. Experiments on Shape of Steam Jet—Several series of determi- 
nations were made for the purpose of studying the actual form of the 
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Fic. 36. Area or Activity 1n Front ENp 


visible jet of steam or mixed steam and air. These will be noticed ac- 
cording to their purpose. 

(1) Natural or unconstrained shape of the jet: The stack was re- 
moved, and also the adapter plate, leaving an opening at the top of the 


_ front end about eleven inches square, so that there was no constraint 


whatever to the form of the jet. At the level of the top of the front 
end, 13% inches above the nozzle, the jet from the 1%Y nozzle was 
six inches in diameter at three pounds steam pressure, and as nearly 
the same as could be measured for both one and five pounds steam 
pressure also. These observations indicate a divergence of 1 in 3 for 
the unconstrained steam jet. 

(2) Point of contact of the jet with the wall of the stack: In the. 
series of tests with the 1B stack, modified with various forms of ex- 
tensions and flares, observations were made for the distance above the 
bottom of the stack at which the jet reached the wall. This height 
could be rather clearly determined by the point at which the outside 
wall of the stack became hot, but was more definitely found by the 
use of a tube bent back on itself and inserted from the bottom of the 
stack. The hook was open, so it was possible by the feeling to be sure 
that the mouth was against the side; the height of the opening when 
steam began to discharge through the tube was taken as the level of 
contact. There was probably some local effect due to the presence of 
the tube, and it is not to be assumed that these indications are more 
accurate than within about one-half inch, but they could be repeatedly 
checked within less than this variation. The results of the observa- 
tions are as shown in Table 12, the readings being arranged in groups 
for comparison, with some repeated for convenience. 

In the first group there are three stacks varying only in the di- 
ameter of the bottom of the conical skirt. The wider skirts result in a 
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TABLE 12 


Distance ABovE Borrom or STACK TO CONTACT OF 
JET WITH WALLS 


Distance Above Bottom of Stack, in. 
F ae er ee 
Observation Stack Used* 
Numbers in. For 1 lb. Steam | For5 lb. Steam 

Pressure Pressure 
DOG OG Aeiins:cievstetenlace a siaiereceseis Clearer are 1B-2-2 5 8.5 9.5 
BILOSUE Tia aval veda bins wcuae elects vise elie 1B-2-3 5 8.8 10.0 
DAOO=O4 17 wavdarae a kcarniaraiessiasshe alepnietiviniatelstoe 1B-2-4 5 9.3 10.0 
QS TGA=TOAL asic luis aide osteo mien «stes Melee 1B-1-5 7.25 6.5 7.5 
ZEBOA=B LA Hem elers scale riya a tas aceie nila apenas 1B-3-S 5.25 7.0 9.5 
DAZ HAG ca Ma vvckess oe Karauste co ecdvieue ntetale 1B-4-S5 4.25 8.0 9.0 
AOD O'S eireraolas nu niareliteve/avaceta locale cle ayasateis 1B-5-S 3.25 7.0 8.0 
QOSTHSL h. sreirntamce ihe cease Oe nese ones 1B-3-1 3.5 6.5 7.5 
2632-46 owen, aurslyectesineminsaemen Hueamenas 1B-4-3 3.5 6.5 7.5 
DO —Bllis Sh ceassnc tert rane ease ina a 1B-4-4 3.5 7.5 8.0 
ZOAQ-AG atin save Meck oh Haida divieiee tera a 1B-4-S 4.25 8.0 9.0 
2516-20 
ze0-si fate ajaisialoisreiaarsiats te ausie.a elataiotiare sis 1B-4-L 4.25 7.0-8.0 8.0-9.0 
2458-62 
ZOLG-20 BUC shee cecos vs Velaviaeurecews 1B-4-L 4.25 7.0-8.0 8.0-9.0 
ZITOSTOL co haces Merkin va ce He, Ue ae anie Oe 1B-2-L 6.25 6.0 7.0 
TSBB=~8O Tpacineces act yatate ciars erarpiet nate orate 1B-0-5 3.0 7.0 8.0 
ae CS sik: cual ets, « Tee. 9 arses ae RES 1B-4-4 3.5 7.5 8.0 
DEOOHOA, Seni sina st vitae ae aa ase ieeraes 3 1B-1-1 5.5 8.5 9.5 
ZS GH OO ven Ahi Cwiarctiiew « Sat atetarne eae 1B-2-2 5.0 8.5 9.5 


*See Appendix A for full description of stacks. 


higher contact. In the second group there are four stacks with the 
same flare, but with different lengths of cylindrical extension, and con- 
sequently different values of F. In the first three cases, as the bottom 
of the stack is raised, the line of contact comes closer to the base, 
almost equally, remaining at a similar distance above the nozzle. The 
fourth case is erratic, probably being affected by the small value of F, 
elsewhere shown to be too small for good performance. In the third 
group are stacks with similar values for F, but varying skirts and flares. 
For the skirts the relation is as in the first group, and the flares show 


about the same results as for the wider skirts. In the fourth group™ 


the comparison is between stacks identical except for the cylindrical 
extension and F values. Here the contact line remains at constant 
distance above the mouth of the nozzle. In the last two groups the com- 
parisons are between stacks with similar F but varying skirts, and the 


results obtained are apparently identical. From the foregoing the fol-- 


lowing conclusions may be drawn: 

(1) For stacks with the same shape at the bottom, differing only 
in F value, the contact between the wall and the jet occurs at approxi- 
mately the same height above the mouth of the nozzle. 

(2) For stacks with the same value of F, an increase in the diam- 
eter or flare tends to raise the contact line. 
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(3) For all stacks the contact line rises slightly with the pressure; 
the variation between one and five pounds pressure being usually one 
inch. 

(4) These observations indicate a divergence of about 1 in 4 for 
the jet from nozzle to contact or 1 in 6 for the portion within the stack 
itself. : 


46. Central Cone of Steam Jet—When the model was in operation 
and the front end well lighted it was always possible to see that there 
was a parabolic central cone in the steam jet, extending from three 
to five inches above the nozzle. This cone was clear and transparent, 
and represented obviously that steam upon which the mixing air had 
had so little effect that it remained superheated. Deformation of this 
cone by injecting water into it has already been mentioned. The cone 
was similar for the various nozzles, even such as the bridge, the Good- 
fellow, the basket bridge,—none of these served to alter its appearance; 
in the case of the pepperbox nozzle with four openings the cone was 
present as usual—one cone, not four. Runs were made (see Chapter V, 
Section 32) with a device designed to break up the cone, if possible; 
this consisted of an inverted cone held in position over the center of 
this nozzle, at a height that could be controlled. The effect was negli- 
gible—the cone was a little larger at the bottom, the tip raised per- 
haps half-an-inch, and the air-flow performance was substantially the 
same as for the normal nozzle, with the spreader in the highest and 
lowest positions which it could be given. This may be taken as an in- 
dication that there is really no complete division of the steam jet by 
any of the nozzle tips designed for that purpose. 


47. Backward-Bending Effect of Jet—The No. 1B stack was de- 
signed originally to allow the action of the jet itself to be better ob- 
served. This stack had a wide flare, and permitted more than eight 
inches of the jet to be seen. When first used it was observed that the 
back portion of the flare was frequently wet with condensate when the 
front portion was dry, and it became apparent that the path of the 
center of the jet was not straight but bent slightly toward the back, 
the bending amounting to about one-fourth of an inch. This was 
charged to some irregularity in the finishing of the nozzle, but rever- 
sal of the latter on its seat had no effect. Checking of the stack 
mounting showed the stack to be central and vertical, hence the effect 
could only be inherent in the operation. With the No. 2 stack in place, 
the inside extension shortened to give an F of 10 in., the “bending- 
back” effect was quite pronounced, and apparent even with the small 
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’ flare cised with this stack. With the 1B-2-L stack, having the large 


flare and F =6 in., the effect was scarcely visible, and would have 
escaped attention entirely had it not been the subject of investigation. 
With the 1-in. Y nozzle, the displacement appeared to be half-an-inch 
or more. 

The backward-bending effect will be further noticed under the next 
heading. 


48. Exploration of Jet and Steam-Air Stream.—One of the major 
projects of this investigation was the exploration of the jet, in the ex- 
pectation that by determining the conditions of temperature, pressure, 
and velocity at suitable points, some information as to the nature of 
the action taking place might be obtained. The method finally 
adopted for taking the readings* involved the construction of an ex- 
ploring device consisting of two monel-metal tubes 0.06 in. in diameter, 
and a thermocouple. One of the tubes was open in the direction of the 
stream, and was connected to a manometer to measure the velocity 
pressure. The other was soldered shut and pointed, and a small hole 
drilled in its side in order that it might record static pressure. The 
two tubes were firmly wired together with the thermocouple bead, the 
entire bundle being less than one-eighth inch in diameter and of less 
than 0.01 sq. in. area. The bundle was stiffened by being jacketed 
with a one-eighth-inch pipe, the tubes and thermocouple protruding 
two inches, and the whole neatly streamlined with rubber tape. Both 
pressure tubes were arranged for registering on water and mercury 
gauges, as required. The entire “explorer” was held in the position de- 
sired both vertically and laterally by means of a ring stand clamped 
to the top of the smokebox. The horizontal arm holding the explorer 


was at all times kept as far above the mouth of the stack as possible . 


in order that interference with the movement of the steam-air stream™ 
might be minimized. On account of the fairly sharp point and stream- 
lining of the explorer it probably had only a very slight effect on the 
action of the steam and air in the stream below it, and an effect in the 
plane of reading not great enough to destroy the validity of the ob- 
servations. There was some action in this plane, as readings could not 
be exactly duplicated after the explorer was rotated in the clamps, 
*This method was finally developed after much experimenting with oth t isti 
of larger tubes, various methods of stiffening and holding the device, ote. The inter tachadedes aro 
cords extending through the sides of the stack as well as various ring-stand arrangements. Some of the 
data taken during the earlier stages of the development of apparatus and technique are of considerable 
interest and importance, but are inferior in accuracy to those finally secured. The great difficulty 


with the earlier results, aside from the problem of knowing exactly where the exploring point was located, 


was inconsistency resulting from the large area of the latter and its effect on the steam immediately 
surrounding it. 
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though the difference was trifling. There was considerable aeane: 
however, when two explorers of different sizes were placed successively 
in the same reading position. (This is sufficient to show that explora- 
tions made by means of simultaneous readings from several explorers 
located at different levels would be of very small value due to the dis- 
turbing effect of each device on all of the stream beyond its level.) 
Fine wires stretched diametrically across the stack on three levels 
helped greatly in accurately locating the explorer in the positions 
desired. 

The theory of the exploration process is as follows: the measure- 
ments taken were p,, the dynamic or velocity pressure, p, the static 
pressure (invariably a vacuum), and 7',, the temperature indicated by 
the explorer, read by means of thermocouple calibrations. If the static 
and dynamic pressures are known, the velocity can be calculated by 
means of the formula 


V2? = 29H, and practically V = 8-\/H (1) 


where V is the velocity in feet per second, and H is the “head” in 
feet in terms of the mixture flowing. The pressures p, and ps; were 
measured in inches of water or inches of mercury (the latter immedi- 
ately converted to inches of water); the head in terms of the mixture 
is therefore 


(py — ps) X specific volume of mixture (p» — Dz) sv 
a (2) 
12 X specific volume of water 12 X 0.016 


hence V = 18.4+/(p, — ps) sv (3) 


The determination of sv, the specific volume of the mixture of steam 
and air, offers some difficulty. The air used in these explorations 
entered the front end at an average temperature of 85 deg. F.; if the 
exploring devices indicated this temperature, it showed that the spe- 
cific volume was that corresponding to that of air unmixed with steam 
or 13:7 cu. ft. per lb. The steam temperature was 250 deg. F., hence 
an explorer indication of this temperature showed that the specific 
volume was 29.00 cu. ft. per lb. The conditions for two other tempera- 
ture indications may also be estimated with a fair degree of accuracy 
from information obtained in the tests. 

The superheat in the steam is about 38 deg. F., or 18 B-t.u. per 
pound; if the steam is cooled to saturation by the admixture of air, 
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each pound of air requiring 0.23 (212 — 85), or 30 B.t.u., to bring it 
up to 212 deg. F., then each pound of superheated steam is cooled to 
saturation by the admixture of 0.6 lb. of air. The specific volume of 
the mixture at this temperature is 


1 X 27.5 + 0.6 XK 16.9 


= 23.5 cu. ft. per lb. (4) 
1.6 


In the foregoing expression 27.5 and 16.9 are the respective specific 
volumes of air and steam at 212 deg. F. 

' A fourth value may be estimated from the known conditions at 
the top of the stack. The average temperature at the top is 161 deg. 
F. The hourly discharges of steam and air are 950 and 2600 lb. re- 
spectively, or 2.74 lb. of air per pound of steam. The cooling of the 
steam to saturation temperature (giving up 18 B.t.u. per pound) 
raises the air temperature about 30 deg., since 2.74 & 0.23 B.t.u. are re- 
quired to raise it one deg. However, the average air temperature must 
be higher than 115 deg. to permit the mixture temperature to be as 
high as 161 deg., hence there must be some condensation. Suppose 
0.02 lb. of steam is condensed, releasing another 20 B.t.u. The emerg- 
ing mixture is then composed as follows: 


2.74 lb. of air at some temperature below 161 deg. F. 
0.02 lb. of condensate at some temperature between that 
of the air and 212 deg. F. 
0.98 lb. of steam at 212 deg. F. 
If x is the air temperature and the temperature of the condensate is 
assumed to be 170 deg. F. (the assumption is relatively immaterial as 
the amount of condensate is so small) then 


2.742 + (0.02 & 170) + (0.98 X 212) “si 
a, = 161 (5) 


from which x = 143 deg. F., on the assumption that the thermocouple 
records the effect of a bombardment of molecules or particles of steam, 
air, and water in proportion to their weight. The specific volume of 
air at this temperature is 15.3 cu. ft. per lb., hence that of the mix- 
ture is 


2.74 X 15.3 + 0.98 X 27.5 + 0.02 x 0.017 
3.74 


If the specific volume for any temperature is estimated by interpo- 


= 18.3 cu. ft. perlb. (6) 
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lation in the following table summarizing the four conditions given, 
the actual conditions will be closely approximated. 

Temperature Specific Volume 
shown by Explorer of Mixture 
deg. F. cu. ft. per Ib. 
23 ee RE TERE Ret Ca fae P RT Giese cad biine Coen ee Me bean wie red USS 
TEEN 5.0 caches d SSO DBE LG REE Sn Sea eens, el A 18.3 
BPS «30. oid c ab lore tha VANCE ENT Pg eT os 23.5 
LENS s od Me Bak OSU as os, ee Tie ae ee ee 29.0 


The conditions at the top of the stack are as follows: 

(1) 950 lb. of steam enters the front end at a temperature of 250 
deg. F. and a velocity calculated as follows: The flow is 0.265 lb., or 
7.75 cu. ft. per sec.; the orifice has an area of 0.0122 sq. ft., and hence 
the mean velocity is 7.75 ~ 0.0122 = 635 ft. per sec. 

(2) 2600 pounds of air per hour enters the front end at a velocity 
of about 10 ft. per sec. and a temperature of 85 deg. F. 

(3) The mixture, 3550 pounds, leaves the top of the stack with an 
apparent average temperature of 161 deg. F., and a velocity head of 
7.5 in. of water. 

(4) It has been shown that the specific volume of the mixture at 
the top of the stack is about 18.3 cu. ft. per lb., hence, from Equation 
(3) its velocity (the average for the entire stream) is 


V = 18.4+/7.5 X 18.3 = 215 ft. per sec. 


The reading of 7.5 in. for the net velocity head must be taken 
(as in the case with the temperature) as the resultant of a ‘‘bombard- 
ment,’’ that is, the molecules of one lb. of steam moving at a mean 
speed V, and the molecules of 2.74 lb. of air traveling at a mean 
speed V, produce a combined or component effect on the pitot tubes, 
which will show a reading that is a resultant of the intensity of the 
two. Denoting the specific volumes of the air and steam, respectively, 
by sva and svs, since V = 18.4 +/p.sv then p., the partial pressure of 
the steam, = V.2 + 340 svs, and similarly for p., the partial pressure 
of the air. Hence the combined pressure for the mixture 


a V.2 (2.74) 


340sus 340sva a 1 (-. ) (7) 
ane 3.74 ~ 1270 \ sus sva 
and for the present case, since p = 7.5, 
ie 2.74V.? 
fe + ——— = 9500 (8) 


Svs SUa 


~ 
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It is now possible to set upper and lower limits for the velocity of the 
air. The discharge is 9.9 cu. ft. per sec. (2600 x 13.7 + 3600), and 
the area of the top of the stack is 0.1924 sq. ft. If the steam emerges 
from the top of the stack as it came from the nozzle, the jet not 
having spread, the remaining area is 0.1924 — 0.0122 — 0.1802 sq. ft., 
and the emerging air would have a velocity of 9.9 + 0.1802 = 55 ft. 
per sec., the corresponding velocity of the steam being 635 ft. per sec. 
This is an obviously impossible condition, since the air is heated and 
accelerated by the steam. If it is heated all the way up to the apparent 
mean temperature, the specific volume is increased from 13.7 to 15.6 
cu. ft. per lb., tending to increase the velocity 14 per cent. The area 
of the steam jet is increased due to decreased velocity; if the velocity 
of the steam were reduced to the apparent velocity of the mixture, 
215 ft. per sec., the area of the jet would be 635/215 & 0.0122 or 0.035 
sq. ft., leaving the area for air passage 0.1924 — 0.035 or 0.1574 sq. 
ft. The velocity of the air will be 71.5 ft. per sec. This is a higher ve- 
locity than the air can actually have, since it.is based on a higher air 
temperature and a lower steam velocity than can exist, while the figure 
of 55 ft. per sec. is below the minimum limit for the reverse reasons. 

It has already been estimated that the temperature at the top of 
the stack representing the average for all of the air was 143 deg. F., 
and that the specific volume of this air was 15.3 cu. ft. per Ib. This 
temperature and specific volume suggest a probable true velocity for 
the air of about 68 ft. per sec., interpolating between the limits found 
with respect to the temperature and specific volume. Substituting in 
Equation (8), 


ve 2.74 X 68? 
= 9500 — ——_———— = 6/00 
15.2 


SUS 


For this condition, the specific volume of the steam is practically that 
of saturation, hence the velocity of the steam is 


Ve. = V 8700 X 27.5 = 490 ft. per sec. 


If the minimum velocity of the air is used, then sva = 13.7, and 
svs = 29.0, hence 


ve 2.74 X 55? 
29.0 13.7 


If the velocity of the air is taken as 71.5 ft. per sec., sva = 15.6, 
and sus is practically that of saturation, hence 


Via rs 2.74 X 71.8 
27.5 15.6 


= 9500, and V, = 509 ft. per see. 


= 9500, and V, = 486 ft. per sec. 
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Hence the following relations are found: 
Velocity at Top of Stack 


ft. per sec. 
Steam Air 
Above maximum............ 509 DO ieee Cares : Below minimum 
Probable value... <. =~. 2 <<: 490 Lis Ree an eee ee ae Probable value 
Below minimum............. 486 MICO er ce Above maximum 


The temperature relations may now be further investigated. The 

_ air leaving the stack is heated somewhat above the temperature at 

_ which it enters the front end, but the temperature on leaving must 

__ be lower than 161 deg. F. (average temperature of the mixture) since 
the variation of the temperature from the rim to the center of the 
stack disproves perfect mixing—the steam must be hotter and the air 
cooler than the average. The steam leaving the stack has lost some 
of its heat to the air; a trivial amount may have been returned to it 
as a result of some of the mechanical losses reappearing as heat. (The 

_ entire mechanical energy of the steam represents only about 8 B.t.u.; 
the loss portion of this could not affect the temperature of the mixture 
as much as 4 deg. F.) The steam may lose heat in three ways: loss 
of superheat, reduction of quality, and cooling of condensate; it 
doubtless does lose in all these ways in the process of mixing with the 
air.* Each pound of air, heated to the apparent average temperature 
of 161 deg. F. requires 18 B.t.u.; each pound of steam in cooling to this 
temperature gives up 1039 B.t.u.; the 2.74 lb. of air for each pound 
of steam could therefore take up about 50 B.t.u. per pound of steam, 
4.8 per cent of the heat released. Obviously, no great portion of the 
heat is released, since it fails to appear at the top of the stack either 
as temperature or velocity. 

The superheat being assumed to be given up, and only enough steam 
condensed and cooled to result in the degree of heating of the air 
which may be estimated from the weights of the components at the top 
of the stack, the specific volume of the mixture was found to be 18.3 
cu. ft. per lb., and the average velocity to be 215 ft. per sec. (p. 129) 
Another estimate of the velocity may be made by assuming that the 
widest extremes of state exist: enough steam will be condensed and 
cooled to heat the air, the remainder leaving the stack in the same 
state as that in which it left the nozzle. In this case the specific 
volume would be 19.0 [= (2.74 * 15.3 + 1 X 29.0)+ 3.74] cu. ft. 
per lb., and the corresponding velocity 220 ft. per sec., in place of 215; 
Te ee Aer tte contiel cous, to visible grater vapor on tho outer 


et. The average temperature at the rim of the stack was 150 deg. F., but the presence 
Se thor temperature made it impossible to bear the hand in the stream at this point. 
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this indicates the similarity of results obtained from reasonable but 
different assumptions. 

The range of velocities found on the level one inch below the top 
of the stack was from about 150 to 350 ft. per sec.; the highest speed 
was found slightly back of and a little to the right side of the axis of 
the stack and nozzle. The range of temperatures was from 145 to 175 
deg. F. At the hottest point, based on the relation between tempera- 
ture and specific volume previously developed, the velocity is greatest, 
and about 2 pounds of air are mixed with each pound of steam; at the 
coolest and slowest point, the admixture is about 4 lb. of air per pound 
of steam. 

The entire process of exploration is open to certain minor objec- 
tions. The velocity-pressure tube worked very well under all condi- 
tions. The draft tube was less consistent; it became necessary to re- 
peat many readings on account of “queer” or indefinite draft results. 
With the speed of the stream such as it was, it is probable that there 
was some loss of accuracy in the thermocouple readings. While 
methods of determining the specific volume cannot be highly refined, 
it has been shown that the results dependent on this estimate do not 
vary greatly if assumptions on a reasonable basis are used. 

Upward of four hundred explorations were carried out under 
several conditions. Each exploration normally consisted of readings 
from the draft and pressure tubes and the thermocouple indications 
for a given point in a given level, pertinent data concerning steam and 
air flow, temperature, etc., being added to the record. Ten levels were 
studied between the top of the nozzle and the top of the stack, and 
from five to thirty points examined in each level. The points were 
located on two perpendicular diameters in one series, and on three 
diameters equally dividing the area in a second series. Pressures of one 


and two pounds were used. An attempt to explore a large area under — 


the bell of the stack gave irreconcilable results, as it was not possible 
to determine accurately in which direction the tubes should be pointed 
to measure the flow properly. For the first set of results to be noted, 
a composite of all available data was employed; for the general ex- 
ploration the results from the two-diameter exploration at two pounds 
pressure were used. 

Center-line or axial conditions will first be shown. The explorer 
was moved vertically along the axis of the stack from the lowest 
position at which the results were considered dependable, to the top of 
the stack. The lowest position was about 3 inches above the nozzle 
for one pound pressure, and at the base of the stack for two pounds 


A STUDY OF THE LOCOMOTIVE FRONT END 133 


or calle 
Bar Fi 
SSUBE 


las 
fe 
ea 
ole | 
sel 
SS 
a 
Ni 
: 
Q 
N 
; 


100 (130 200 250 
Velocity pies i peeve of Water ans la Beg. Fe 


Pieneerh seer hella 
svaverenan sevegranit 
E aarunaat EWG El a 
: 


HeCE REE 
ea ei bal 
[SE aN 


x= 21t, Seat? (rESSUure, °-Z2/b, Steam Fressure 
Vacuum Line was Leakivg ene aie Sh. Shea Pesaiire. i 
g 12 16 20 0 200 =400 600 800 J/000 
Static Se (Vacuum) Ira in. of Water Velocity ir ft. per séc. 


Fic. 37. AxtaAL EXPLORATION OF STACK 


is figure shows the observed temperatures, pressures, and vacuums at various levels 
above the nozzzle for 1 lb. and 2 lb. jet pressures, respectively, and the velocity curves derived 


from the data 


pressure.* To the readings obtained in the special axial explorations, 
center-line readings for other explorations were added, giving 17 
points for one pound pressure, and 22 points for two pounds pressure; 
all are plotted in Figs. 37a-37d. The results of the temperature obser- 
vations are shown in Fig. 37b; Figs. 37a and 37c similarly show the 
velocity pressure and vacuums, respectively. The data for the tem- 
perature observations are remarkably consistent among the various 
sets of readings; those for the velocity pressure are also consistent; 


r the arrangement used (Stack 1B-2-L with the 1}4Y nozzle) the value of F was 6}4 in. This 
was eee by the use of additional gaskets to about six inches for the explorations. 
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TABLE 13 
Composite VeLocity Data ror AxIAL EXPLORATION OF STACK 


Static 


Pressure Velocity Pressure |Net Velocity! gnecifie 
of Distance Location Temper- | Pressure | (Vacuum) | Pressure | Volume of | Velocity 
Steam Above of ature dy Ds pis Mixture 
“ Nozzle Level 
Ib. 
“ite in. deg. F. in. of water cu. ft. per Ib.| ft. per sec. 
nO ee ily ahewaaras 225 24.0 9.8 33.8 25.4 539 
6 Base of Stack 207 21.5 10.0 31.5 23.0 495 
8 Choke 195 16.5 9.4 25.9 21.7 436 
50 ial Flees Sees eer 186 12.0 7.9 19.9 20.7 371 
| ate cettaterns 179 8.4 6.3 14.7 20.0 315 
LEE | Ore Se ae 173 5.5 4.9 10.4 19.4 260 
1 Cee RR ETL 167 4.2 3.7 7.9 18.8 225 
17.5 | Top of Stack 162 3.6 2.8 6.4 18.3 199 
Tae | ee A Rak dW seyig sia 250 ? 52.0? 20.0? 72.02 29.07 840? 
6 Base of Stack 221 44.0 19.2 63.2 24.8 729 
8 Choke 205 33.0 18.0 51.0 22.8 626 
LO ae Sc eeeas 192 25.0 15.5 40.5 21.3 540 
ND ge eal gates tec 184 18.0 12.5 30.5 20.5 460 
i ae | ety Sverre ie 176 13.0 10.0 23.0 19.7 393 
LG ieee) Shss A ae ia rers 170 10.0 7.5 17.5 19.1 337 
17.5 | Top of Stack 166 8.4 6.3 14.7 18.5 305 


Fig. 37c shows the difficulty already suggested in obtaining satisfac- 
tory draft readings, but in spite of the erratic points the nature of the 
relation here is also clearly shown. From the composite curves, a set 
of data for a composite axial exploration is developed for both pres- 
sures in Table 13. In calculating the table, assumptions in accordance 
with conditions found were made. These are as follows: Temperature 
of the steam, 250 deg. F.; temperature of the air, 85 deg. F.; weight of 
steam flowing per hour, 650 and 950 lb., for 1 and 2 lb. pressure, re- 
spectively; weight of air flowing per hour, 1900 and 2600 lb. for 1 and 
2 lb. pressure, respectively. The composite velocity curves for the two 
pressures are shown in Fig. 37d. 

In order to show the general results of the explorations through- _ 
out the stack the data from a series of two-pound pressure tests will 
be used. In these tests, the explorer was located along two diameters 
for the observations in each plane, these diameters extending from the 
front to the back and from the right to the left of the model, respec- 
tively. Five levels were explored: 34% in. above the nozzle, the lowest 
point at which satisfactory readings could be obtained; 6 in. above the 
nozzle, i.e., at the level of the bottom of the stack; and 8, 12% and 
164% in. above the nozzle, respectively, the last named level being one 
inch below the top of the stack. A total of 68 sets of three readings 
(temperature, static pressure, velocity pressure) were secured for the 
61 points investigated. The results are represented in Figs. 38a to 38e, 
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Fic. 38. Stack EXPLORATIONS ON Various Levets Apove Nozze 


Velocity pressure, vacuum, and temperature were observed simultaneously at the points 
indicated. Solid circles represent the stack diameter at the level indicated; broken circles in- 
dicate the choke diameter of the stack, limiting the motion of the exploring device. 

The right side of each figure is toward the front of the locomotive. 
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each figure consisting of three parts, the contours developed by the 
three readings on a single level. The solid circle in each part of the 
figure represents the diameter of the stack on that level, and the dotted 
circle where shown represents the diameter of the choke of the stack 
which limited the lateral movement of the explorer. 

The results are also shown by longitudinal sections of the stack 
along the diameters explored, from front to back and from left to 
right, the latter stated with regard to the model as representing a loco- 
motive, not with regard to the setting and working side of the model. 
Each numbered figure (Figs. 39a, 39b, 39c) represents a pair of sec- 
tions, in which all of the values for one of the readings are shown— 
Fig. 39a, for example, showing all temperature readings on the di- 
ameters. 

From the diagrams and the contour lines several things are ap- 
parent. First, that all readings become more and more uniform over 
the plane investigated as the top of the stack is approached. Second, 
that all readings tend to have the area of highest value or greatest ac- 
tivity displaced back of the axis of the stack. This is quite pronounced 
and shows in every contour diagram except Fig. 38c (temperature). 
Third, there is some tendency for the area of greatest activity to be 
displaced toward the right side of the model. This tendency is some- 
what apparent at the bottom of the stack and increases toward the top, 
but is not as distinct as the displacement backward. As previously 
stated, great care was used in setting up the stack and it is not believed 
that either of these latter effects can be in any degree charged to lack 
of alignment. It should also be noted that the same conditions showed 
in an equal degree in the case of the previous three-diameter explora- 
tions, and that, in addition to this, a complete set of previous explora- 
tions using the 1B—O-L stack (the same except for the base or flare 
being two inches higher) indicated the same conditions. The sideways 
displacement was about equal in degree, but the backward displace- 
ment even more pronounced for the larger value of 7. This backward 
bending of the axis of the jet corresponds with the visual observations 
previously recorded (see Section 47). No method of observing the 
lateral displacement was available, and this certainly would not have 
been visible below the flare of the stack in any case. 

The tendency for the jet to bend backward is the result of the more 
rapid mixing on the front surface, nearest the netting. The actual me- 
chanical effect of the impingement of the air on the jet is in part re- 
sponsible, just as any flame or small stream of water can be displaced 
by blowing on it, and the mixing effect tends to reduce temperature, 
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vacuum and velocity on the front. The lateral displacement is more 
difficult to explain. The two halves of the model, left and right, were 
identical in construction and fitting, except for two very minor differ- 
ences: the presence of a lamp socket and bulb in the left side, directly 
against the outer wall and about on the level of the jet, and the sub- 
stitution on the working side of the model (the right side) of the large 
glass door in place of the metal door; the only possible effect of this 
was to be found in the deep layer of putty packing placed beneath to 
prevent breaking the glass disturbing the smoothness of the inner walls. 
Neither of these variations would appear to be of any importance in 
view of the inert condition of the air at the points of the model men- 
tioned (see Fig. 36) ; the presence of the lamp, perhaps slightly reduc- 
ing the flow of air on the left side, and of the glass, opening up a pas- 
sage of lower resistance from below the table plate, due to the gap 
between the glass and the plate—these conditions both predicate an 
opposite .effect from that actually found. Since the effect was really 
found only in the upper reaches of the stack it must have been due 
to some reverberatory action within the stack itself. 

It would be a contribution to the knowledge of the subject if a 
determination could be made of the amount of air moved by the jet in 
each of the two methods of mixing and entrainment. Before this can 
be done, the shape or boundary of the jet must be defined in some 
arbitrary way; in Table 12 it was noted that the steam came into con- 
tact with the wall at a point about 12 in. above the nozzle. If the jet 
be considered as an inverted, truncated cone, 1.5 in. in diameter at the 
nozzle, and having a diameter of 4.5 in. at a point 12 in. above the 
nozzle there are three levels explored (314, 6 and 8 in., respectively, 
above the nozzle) at which the movement of air is proceeding by both 
processes; at higher levels, after the jet has come into contact with 
the stack walls, all of the air must be moved by mixing (see Fig. 40). 
By determining the areas between contour lines in Figs. 38a-38e the 
temperatures at the various levels are found to be as shown in 
Table 14. 

The most reliable process for obtaining the amount of air which 
has been mixed with the steam up to the bottom of the stack is to de- 
termine the velocity and space occupied by the air flowing around the 
jet, still unmixed, and by subtracting this from the known total, to de- 
termine the amount already mixed into the jet. The velocity contours 
of Fig. 38d are reproduced in Fig. 41, with the stack circle and the 
assumed boundary of the jet added in solid and broken lines, respec- 


atl les i aat 


ae A 


A STUDY OF THE LOCOMOTIVE FRONT END 139 


Leve/ eg” 
Above Nozzle 


Fic. 40. Dracram or Stack, Nozzie, aND JET 


This figure shows the assumed form of the jet, based on the measured level at which the 
steam reaches the stack walls for the 14Y nozzle and the 1B-2-L stack. 


tively. From Fig. 39c the velocity diagrams for the base level may 
be extended to the point where the velocity is zero, and from these 
points a zero contour line may be added to Fig. 41. (A consider- 
able error in the location of this line is probable, but practically of little 
effect on the results.) It is found that the mean velocity of the air 
stream in the space between the wall of the jet and the zero-velocity 
contour line is 70 ft. per sec. Now if x pounds of air, of the 2600 lb. 
moved per hour by the 950 lb. of steam, remained unmixed with the 
steam, and the average temperature of this air corresponded to a spe- 
cific volume of 14.7 cubic feet per pound, the air flowing in the annular 
space was 14.7x/3600 cubic feet per second; the area of the space is 
0.104 sq. ft., and for 70 ft. per sec. velocity the flow was 7.28 cu. ft. 
per second, or 1780 lb. per hour. Hence the balance of the 2600 lb. 
or 820 lb. per hour was already mixed with the jet, representing 31.5 
per cent of the total air flow. 

The amount of air mixed with the jet up to the choke of the stack 
may also be estimated in this way, using the contours of Fig. 38¢ 
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TABLE 14 
TEMPERATURE IN AIR AND STEAM 
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there being obviously no zero velocity on this level. In this case the 
velocity of air between the jet boundary and the stack wall averages 
150 ft. per sec., and the area through which it flows is 0.039 sq. 
t.; the specific volume is 15 cu. ft. per lb., hence the weight flow- 
ing in this space per hour is found as before: 15/3600 = 0.039 < 150, 
hence «= 1404 lb., 1196 lb. having been mixed with the jet, or 46 
per cent of the total. 

It is of interest to compare these calculations with estimates based 
on the assumption that there was no interchange of heat in the jet, 
but that the temperature effects recorded by the thermocouple were 
the effect of the bombardment of the air and steam particles at widely 
different temperatures. Three inches above the mouth of the nozzle the 
average temperature is 205 deg. F. within the jet circle. If x is the 
quantity of air corresponding to the 950 lb. flow of steam, the air having 
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entered the front end at 85 deg. F., then (950 x 250) + 85a = 
205 (950 + x), or x is equal to 356 lb. At the base of the stack the 
average temperature is 175 deg. F., and by a similar calculation z is 
796, checking well with the 820 lb. Ae by the other method. At the 
choke the same process may be used; here the surrounding air is 
heated to 125 deg. F. At the base of the stack the jet consists of 950 
Ib. of steam and 800 pounds of air with an average temperature of 
175 deg. F. At the choke x pounds of air at 125 deg. F. has been added, 
reducing the average temperature to 168 deg., and the added weight 
is found to be 290 Ib., not a very good check with the 400 Ib. previously 
found as mixing with'the jet during the passage through the flare. From 
the foregoing it is worthy of note that in the first three inches above 
the nozzle 14 per cent of the total air moved mixes with the jet; in six 
inches 31.5 per cent of the total air mixes, hence in the second three 
inches 17.5 per cent is absorbed; in the two inches following about 
12 to 15 per cent more of the total air mixes with the jet, making this 
the most active portion thus far found for which calculations could 
be made. However, in the space between the choke and the level of 
contact of the jet with the stack wall, a height of 4 in., the remaining 
55 per cent of the total air is forced into the jet, making this a still 
more active region. The foregoing may be thus restated: the distance 
from nozzle top to contact level is 12 in.; each average inch of the first 
three inches absorbs 4.6 per cent of the air moved; each average inch 
of the second three, 5.8 per cent; each average inch of the next two, 
6.5 per cent, and each average inch of the last four, 13.8 per cent. 


49. Efficiency of Operation—The efficiency of the draft-producing 
apparatus has been measured in various ways by previous investiga- 
tors. The ratio, draft divided by back pressure, introduced by Dr. 
Goss, has frequently been used, and interpreted as true efficiency (see 
page 63. This ratio has a value of the order of unity. The standard 
of measurement referred to in previous pages of this report, W./W., 
was used by Zeuner and others, while still others, though implying the 
use of better standards, have based their conclusions on draft alone. 
The data secured in the present investigation make possible a fairly 
close estimate of the heat and energy distribution. The front end re- 
ceives energy in the form of heat and in the form of mechanical energy 
in the steam. Heat and mechanical energy are dissipated in the form 
of radiation, friction, and shock loss, and in the useful work of raising 
the air in the front end from the pressure existing therein to atmos- 
pheric pressure, but far the largest portion of the mechanical energy, 
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and all of the heat energy, are merely thrown out of the top of the ~ 


stack. To illustrate the calculations, the same data will be employed 
as were used in the first analysis in the preceding section: 

Initial velocities, of steam, 635 ft. per sec., of air, 10 ft. per sec. 

Velocity at the mouth of the stack, hanett on pitot tube readings 
and the specific gravity of the mixture estimated on the basis of homo- 
geneous mixture, 215 ft. per sec. 

Temperature, apparent, at the mouth of the stack 161 deg. F.; of 
the steam entering the front end, 250 deg.; and of the air, 85 deg. 

Pressure assumed within the jet, 14.2 lb. per sq. in.; saturation 
temperature, 210 deg. F.; latent heat at this pressure, 970 B.t.u. 

(1) The total mechanical energy of the steam emerging from the 
nozzle = 6352/64 = 6300 ft.-lb. per lb. of steam. The energy of the 
air is negligible. 

(2) The useful work is measured by the movement of 2.74 lb. of 
air per pound of steam out of the front end against a draft of 1.5 in. 
of water. One inch of water is equivalent to 62.4 & 13.7/12 = 71.2 ft. 
of air, hence the useful work per pound of steam was 2.74 « 1.5 & 
71.2 = 293 ft.-lb., or 107 ft.-lb. per pound of air. 

(3) The average velocity of the steam and air stream at the base 
of the stack, from planimeter readings on Figs. 38d and 41, was found 
to be 405 ft. per sec. within the jet circle. All of the steam and 0.86 
lb. of air per pound of steam may be assumed to flow within this circle 
(see p. 189). Between the jet circle and the zero-velocity contour, the 
remainder of the air, 1.88 lb. per pound of steam, flows at a mean rate 
of 70 ft. per sec. The energy, then, is as follows: 

Within jet circle: 1.86 « 4057/64 — 4766 ft.-lb. per lb. of steam. 

Outside jet circle: 1.88 & 70°/64— 144 ft.-lb. per lb. of steam. 

Total energy of the stream....... 4910 ft.-lb. per lb. of steam. 

Energy of the air from (2) above.. 293 ft.-lb. per lb. of steam. 

Energy remaining in the steam... .4617 ft.-lb. per lb. of steam. 


The original energy of the steam was 6300 ft.-lb., hence 1683 ft.-lb. 
has been used in colliding with the air, accelerating it by imparting 
293 ft.-lb. to it. 

(4) At the choke of the stack, the average velocity of the stream 
from the contours of Fig. 38c, is 290 ft. per sec. The energy is, there- 
fore, 3.74 & 290°/64 or 4914 ft.-lb. per pound of steam. Within the ac- 
curacy of the observations it is probably accidental that this value so 
nearly equals the total energy at the base, but it shows that there is 
practically no loss in the stack flare for this stack and nozzle combi- 
nation. 
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(5) It has been shown (see p. 130) that at the top of the stack the 
uverage velocity of the steam was 490 ft. per sec., and of the air, 68 
ft. per sec. The corresponding energy quantities are 3750 and 197 ft.- 
Ib. per pound of steam, respectively. 

(6) Summary: 


Energy in terms Percentage 


of ft.-lb. of total 
per lb. of energy 
steam 
Kinetic energy in steam at mouth of nozzle.... 6300 100.0 
Energy in air entering front end.............. 0 0 
Energy at base of stack: total............... 4910 
Inrarrnperdli work) iit. 2. eee a ante oe 293 4.7 
Remaining in the steam................... 4617 
Loss in collision and acceleration............. 1390 22) 1 
Energy at the top of the stack: 
LHD YESS CO e85  ap es oe en ad 3750 59.5 
lin itieee Ios SOON ae ee one en re ee 197 
Energy lost in traversing stack: 
By steam (4617 — 3750) .0 oes cc es cae ees 867 13a7 
Biel (20d cil Ogi persiem eases cane cites lay aes 96 


The items followed by percentages account for the entire 6300 ft.-lb. 
The energy lost by the air in traversing the stack and at the top of 
the stack is part of the useful work. 

The twenty-two per cent “collision loss” is of special interest; 
almost five times as much energy was lost by the steam as was taken 
up by the air. Part or all of this must reappear as heat, but the heat 
thus generated is not sufficient to have any effect on the temperature 
of the mixture which can be determined in the exploration. The small 
loss in mechanical shock and friction in traversing the stack, 13.7 per 
cent, is also of interest; this value would be much larger if the im- 
pingement of the steam on the stack was at a less favorable angle. 
The useful work has already been discussed under other heads; to 
allow as useful all of the work expended on the air seems just, but it 
may also be argued that only the energy appearing in the air at the 
top of the stack is really useful, or further, that only the energy which 
would appear in the air under the lowest possible velocity at which 
it could be discharged (55 ft. per sec.) is useful. In this latter case 
the useful work would be 2.74 < 557/64 = 130 ft.-lb. per pound of 
steam, corresponding to an efficiency of 2.1 per cent. 

The heat energy in the jet, as such, has not been taken into ac- 
count. There is no evidence to show that it plays other than an in- 
cidental part in the operation; a jet of air, or of any other gas, with 
the same mechanical energy as that of the steam, and at atmospheric 
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temperature, would have practically the same effect. In the model, the 
heat of the jet raises the temperature of the air to some extent, thus 
making necessary a larger velocity to move a given weight through the 
available opening. In the case of the locomotive the condition is the 
opposite, since the combustion gases are hotter than the steam, and 
there-is a tendency to reduce rather than to increase the gas volume. 
If the small amount of work done in the front end is considered as ac- 
complished at the expense of heat energy as well as of mechanical 
energy, the efficiency of the jet is of the order of 0.01 per cent. 


VIII. GENERALIZATION OF CONCLUSIONS 


50. General Statement—During the progress of the model tests 
it was shown that the movement of the air produced by the exhaust 
blast in the front end was dependent on a considerable number of fac- 
tors, which will be enumerated in approximate order of importance. 

(1) For a given front-end arrangement and a given rate of steam 
discharge, variation in the resistance to the passage of the air through 
the model results in considerable changes in the amount of air which 
can be moved. Strictly analogous changes in performance of the model 
are found for any front-end arrangement when the resistance is 
changed by means of the choke, and this variable is excluded from 
further consideration by adopting a standard resistance, represented 
by a fixed choke diameter. 

(2) For any given arrangement of front end (that is, of nozzle 
form and size, of stack arrangement and of distance between nozzle 
and stack) the exhaust pressure, determining the rate of steam dis- 
charge, is usually the most important variable; slight variations in the 
discharge rate usually submerge any other condition. 

(3) For a given arrangement of stack, dimension “F,” and nozzle 
form, and a given rate of steam discharge, variation of nozzle area 
results in a variation in the velocity of discharge; this is almost of 
equal importance with variation in the rate of discharge. 

(4) For a given stack, F, nozzle area, and steam flow, certain 
forms of nozzles produce a considerable variation in the performance 
in terms of air flow. 

(5) For a given stack, nozzle, F, and steam flow, the temperature 
of the air or gas moved through the front end has considerable effect 
on the weight of gas moved per unit of time. 

(6) For a given nozzle and steam flow, the form and dimensions of 


the stack and its height above the nozzle have some effect on the per- 
formance. 
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(7) The following conditions have so little effect that the differ- 
ences resulting cannot be separated from the usual day-to-day varia- | 
tions in performance: 

Humidity of the atmosphere 

Temperature of the steam discharged, assuming that this remains 

within a moderate range corresponding to that actually found 
in locomotives. 

The use of the pulsator valve by which the puffing action of the 

locomotive could be simulated—that is, the use of pulsating 
rather than continuous steam flow. 


The purpose of this chapter is to assemble the conclusions, and to at- 
tempt to evaluate some of the effects. 


51. Exhaust Pressure——For the 114Y nozzle the steam discharge 
is well represented by the equation W, = 670+/P; where W, is the 
rate of discharge of steam in pounds per hour, and P, is the exhaust 
pressure in pounds per square inch. This equation may be put into 
the following form to represent the discharge for any of the Y nozzles, 
since their discharge for any pressure is closely proportional to their 
respective areas: W, = 310 n?+/P., where n is the diameter of the 
nozzle in inches. For the standard nozzles and the No. 1 stack, the 
range of values for the efficiency ratio W./W, was from 2 to 3, the 
former figure applying to the larger nozzles at higher pressures, and 
the latter to the opposite condition. The relation is fairly well repre- 
sented by the following linear equation: W./W, = 6 — 2n — P,/16. 

For all arrangements of the front end there was a consistent 
relation between the rate of air flow and the draft, this relation 
having the form W, = Q+/d:, where d; is the draft in front of the 
diaphragm in inches of water. The coefficient Q varied slightly at 
different times during the tests but the widest range for the entire 
investigation (while using the standard choke) was from 2050 to 2200. 
Hence, for any Y nozzle, 


W. = (310 n2\/P.,) (6 — 2n — P,/16) = 2100 


The resulting relation between P; and d, shows that d, varies as about 
the three-fourths power of Ps. The relations for any of the series of 
nozzles, except the Z and U (diverging) nozzles, combined with any 
stack would have the same mathematical form, with minor differences 


in coefficients. 


52. Steam Velocity.—As a means of further investigating this vari- 
able, the data of Fig. 11, showing the performance of the Y series 
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nozzles with the No. 1 stack, are used. From the values on the curves 
and a series of steam flows (600, 900, 1200, 1500, and 1800 lb. per © 
hour) the mean discharge velocities are calculated, using the range 
of temperature corresponding to each discharge as usually found. — 
From the values of the air-flow curves corresponding, the air moved 
for each weight of steam is tabulated, in Table 25, Appendix G. The 
three variables of steam flow, mean discharge velocity, and air flow 
are plotted in Fig. 42. It is found that the results are well represented — 
by the equation 
W. = 0.92 W., + 2.86 V, + 250 


where V, is the mean discharge velocity in feet per second. If values 
representing the extreme range of V; and Ws, respectively, are sub- 
stituted in this equation, it will be seen that the variation produced by 
velocity of discharge is slightly more important for the range under 
consideration than the variation in steam flow. 


53. Nozzles——As a standard of comparison the plain circular nozzle 
with sharp-edged orifice was adopted—the Y series. The flow from 
nozzles of similar orifice was practically proportional to their area, 


ADO. pe = ee ee eee 
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provided the passage through the nozzle was parallel or converging. 


From dissimilar nozzles the flow was in accordance with the well- 
known principles of hydraulics: ease of outlet (that is, chamfered 
opening) increased the steam flow slightly, and for other shapes than 
circular, the flow was intimately related to the relative hydraulic 
radius or depth—the ratio of area to perimeter; a larger perimeter for 
a given area reduces the steam flow. The purpose of providing the 
larger perimeter is to furnish the jet with a greater surface for contact 
with, and entrainment of air. The advantage of such a nozzle is that 
the increased flow of air will be such that the nozzle may be enlarged, 
thus reducing the éxhaust pressure for a given steam flow, without 


reducing the air flow to that which would have been obtained with 


the corresponding plain nozzle: in other words, to hold some of the 
gain in air flow in spite of increased area. In the case of nozzles hav- 
ing a generally circular opening, such as the Pennsylvania, this ex- 
pectation is realized in a small degree. Where the result is secured by 
definite division of the jet, as in the case of the bridge or pepperbox, 
the performance is quite definitely improved. Where the additional 
perimeter is secured by the use of a square or rectangular opening the 
improvement is negligible. The chamfered opening permits the flow 
of a little more steam for a given exhaust pressure, but has no ad- 
vantage in terms of air flow. In the case of nozzles where the opposite 
effect was sought (the T series, which have been used in the belief 
that the surface of the steam jet would be given additional turbulence 


‘as a result of the form of the approach to the orifice, thus accelerating 


the friction action) the results are exactly those produced by a nozzle 
of standard form but of smaller size than the special nozzle. The 
maximum improvement secured by any special nozzle over the stand- 
ard nozzle of equivalent discharge capacity was about 12 per cent. 


54. Gas or Air Temperature.—It is only necessary to refer here 
to the relation developed in Chapter VII, giving the reduction in air 
flow resulting from the use of hot gases, below that which would have 
been obtained had cold air been used. This reduction is as follows: 


Te 200 ? 
Reduction in flow in per cent = 11 | + 0.42 (W,/1000)!:* 


The numerical range of values, for cold air weights of from 2000 to 
5000 Ib. per hr. and temperatures of from 400 to 700. deg. F. is from 
9 to 25 per cent, large values of the reduction corresponding to large 


air flow and high temperatures. 
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Fia. 43. RANGe or PERFORMANCE For STACKS 134% 1ncHEs Hicu, 
with Ff = 44, INCHES 


“Range of Performance” is defined by the flow of air for a flow of steam of 1500 lb. per 
hour. Each part of the figure shows the performance of each stack tested with a given nozzle. 
The points for cylindrical stacks lie on the diagonal line, the tapered stacks being represented 
by points to the right of the line. The figures for each point show the flow of air for the 
stack represented. 


55. Stack.—Discussion of stack action falls under three heads: 
stack diameter and taper; stack height; stack flares. 


_ Stack Diameter and Taper 


The test work on which conclusions are based included nine stacks 
of standard height, form of taper, and F, eight nozzles, and from six 
to forty runs with each combination, involving from four to seven 
different exhaust pressures. The summary of page 79 shows that the 
order of merit in performance eliminated stack No. 5 (diameter too 
small), No. 9 (taper too great), No. 2 (cylindrical, generally mediocre 
performance) from consideration as desirable arrangements, also 
stacks Nos. 1 and 6, except with the smallest nozzles. The remaining 
stacks, Nos. 3, 4, 7 and 8, performed well with all nozzles, and in gen- 
eral there is similarity among the four in the amount of air moved for 
any given flow of steam. In Fig. 48a-f the performance for the entire 
group is shown, for six nozzles and a steam flow of 1500 lb. per hr. In 
this figure the ordinates correspond to the bottom diameter of the 
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distinct area covering the dimensions of the stacks giving the best per- 
formance for each nozzle. The similarity of location of each of the 
best regions is striking, but if a single high point in the region were 
selected, the location of these would not be identical. The cylindrical 
stacks (that is, No. 7) appear only in the extreme corner of the best 
region if at all, and in none of the plots does the region extend beyond 
a diameter increase of 1% in., or say a taper of 1 in 8. The superi- 
ority of the tapered stack is easily explainable, in that it allows the 
steam to expand more as its potential energy is converted into kinetic 
energy. 

The fact that a change of this sort affects the results makes it 
desirable to investigate the stacks tested with hot gas as well as those 
tested with cold air. These included Nos. 4 and 8, two of the stacks 
found most efficient in the cold tests; the No. 1B-4-s, which corre- 
sponds closely with the No. 1, though giving slightly better perfor- 
mance under all conditions, and the No. 1B. Six nozzles were used, 
and twenty-one combinations tested, in place of the sixty-nine repre- 
sented in the cold-air tests. Figure 44 shows the results in terms 
of exhaust pressure and gas flow, the gas being heated to a temperature 
of 630 deg. F. In the case of the bridge nozzle, separate curves for 
the three stacks used cannot be drawn, and the range of values for 
the 144Y, 15,Y and Pennsylvania nozzles is scarcely significant. The 
No. 8 stack gave the best results, being significantly the best in one 
case, as good as any other in one case, and a close second in a third 
case, these including all of the tests made upon it. The No. 4 stack 
gave good performance with every nozzle; even in the case where 
the results were the lowest (with the 14,Y nozzle) the margin was 
narrow. The 1B stack showed the best results by narrow margins for 
the 144Y and Pennsylvania nozzles; it was definitely inferior with the 
pepperbox nozzle and average with the others. The 1B—-4—s was the 
poorest stack of the group used. The most striking thing in this show- 
ing is the wide range of air-flow results obtained with the pepperbox 
nozzle with its comparatively large jet. 

For a stack of given height, F, and form of flare, both top and 
bottom diameters exert important influences on the amount of air 
moved. Assume that any given amount of steam, discharged from a 
nozzle at a certain velocity, will absorb by the mixing process a cer- 
tain amount of air, and will surround itself as it travels toward the 
base of the stack with concentric layers of air or gas, moving at pro- 
gressively lower velocities. The diameter of the choke of the stack will 
largely determine how many of these concentric cylinders of air or 
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gas will be admitted into the stack and thus discharged from it, and 
variations in diameter through the usual range will admit or eliminate 
rings or areas of quite low velocity.* The limit of useful stack di- 
ameter will be found at the point where the outermost ring of air 
or gas enters the stack at a velocity so low that the friction of the 
stack wall will neutralize it and thus produce a dead air space between 
the stack wall and the moving stream. This is a condition which will 
help to set up a reverse flow of air from the atmosphere into the front 
end, in case the conditions at the top of the stack are such as to per- 
mit this to occur. 

The effect of variation in top diameter is by no means so simple. 
Consider first a cylindrical stack: the shape of the stack, combined 
with the form of the jet (which is very largely affected by the shape 
of the stack) determines a certain level at which the jet will come into 
contact with the stack walls; the characteristics of the entire front-end 
arrangement determine the W,/W, ratio, and consequently discharge 
temperatures and velocity. The contact level is subject to adjustment 
for any change in operating conditions, as shown in Table 12, where 
it varies somewhat with the exhaust pressure; but probably the prin- 
cipal factors in its determination are as stated, stack shape and size, 
and jet form, which largely depends on the nozzle. Suppose the top 
diameter to be slightly increased; the discharge velocities would be 
somewhat reduced, the steam would have some additional opportunity 
to expand, and consequently there would be some increase in the 
amount of air moved. The increased taper in itself, and also the in- 
creased air flow, would tend to raise the contact level, and to decrease 
the length of the stack which is filled by the stream of mixture. This 
latter effect is definitely detrimental, and consequently a new balance 
will be struck in performance. A further widening of the top will tend 
to push the contact level further up, and there will be a definite point 
of best performance determined by the interaction of the conditions, 
beyond which further widening will result in loss of efficiency. The 
base or choke diameter has an important effect on the top diameter; 
if the base diameter is relatively small, so that the outer layer of air 
or gas is moving rapidly and there is no tendency for the setting up 
of a dead air space next the stack wall, the widening of the top may 
be made proportionately greater, because the amount of stack height 
above the contact level required for best performance is reduced. 
Reasons for this reduction in stack height are that mixing conditions 

*Assume, for example, a one-half inch change of diameter; suppose air flows through a band 


¥{ in. wide surrounding the stream, and the mean velocity in this band is 1214 ft. per sec.; this condi- 
tion represents a flow of only 75 lb. of air per hour. 
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are better, due to the higher average velocity of the air, and that less 
“seal” (or none) is required to overcome any tendency toward back 
flow. For a larger diameter base, a smaller taper must be used. 

The differences in performance involved in the foregoing sugges- 
tions are too small to be determined by the use of the model, but the : 
general relations can be clearly seen in the superior performance of 3 
stacks Nos. 3 and 4 (4% in. in diameter at the bottom with consider-- 
able taper), and Nos. 7 and 8 (5 in. in diameter at the bottom, with no 4 
taper and 14-in. taper, respectively.) It will be easily seen from Fig. 
43 that the range of top diameters for best performance is much 
smaller than the range of bottom diameters. : 

Another factor in stack efficiency which concerns diameter and ~ 
taper is that of shock loss. If the walls of the stack were of such form 
that the boundary of the steam jet came into contact with them tan- 
gentially, presumably shock loss would be eliminated, but this would 
be at the expense, probably, of considerable loss by reverse flow of 
air, under most operating conditions. On the other extreme, if any of 
the steam strikes the walls at such an angle as to be deflected back 
across the course of the stream the effect is doubly detrimental: the 
rebounding particles have had their energy materially reduced, and 
their direction in rebound interferes with the action of the rest of the 
jet. Probably least shock loss occurs when the angle which the stack 
wall makes with the vertical is one-half that made by the boundary 
of the jet: in this case steam in the boundary layer in striking the 
stack wall tends to be deflected directly toward the top of the stack 
and parallel to the axis. This agrees well with the range of taper found 
to give the best stack efficiency. For the 14Y nozzle and 4% in. 
bottom diameter of stack, a taper of 1 in 13.7 gave the best results. 


Stack Height = 


The indications of the tests with regard to the variation of stack 
height were significant and consistent. Several series of runs on tapered 
stacks showed that the air flow for a given stack, for a given F and 
rate of steam flow, varied with the cube root of the ratio of increased 
height, that is, a fifty-per-cent increase in height resulted in a fifteen- 
per-cent increase in air flow (1.15° = approximately 1.50). For the 
cylindrical stack, the gain was less than this at low outputs, but of 
similar proportions for higher exhaust pressures. There must be a 
height beyond which further increase does not improve the per- 
formance, but this height is far beyond the limit of possibility in 
American design. 
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Stack Flares 


_ The flare shares with the choke or bottom diameter of the stack 
in the determination of the number of rings of air of successively de- 
creasing velocity from which the air or gas is drawn into the stack. 
It was shown in the exploration studies, however, that within the 
spread of the large flare there were considerable areas of zero velocity, 
or at least of velocity too small to affect the pitot tubes. Beyond this 
gathering function, that of providing easy entry into the stack is 
important, as shown by the fact that, in every case, flares with a 
continuously curved contour gave better performance than conical 
skirts. There proves to be a small advantage in enlarging the flare as 
F is increased. Long parabolic flares show no advantage over short 
flares having a quadrant-are cross section. The poorest design of 
flare or skirt improves the performance from ten to twelve per cent 
over that of a stack with the same value of F but with the base not 
opened out in any way. The best designs of flares give results about 
five per cent better than those of the poorest designs. 

The flare may produce decidedly adverse results; if the steam 
strikes the flare the reflection will produce very disadvantageous con- 
ditions, as mentioned in discussing shock loss in the stack. This effect 
was clearly visible in the use of the pepperbox nozzle with the 1B 
stack, and the relatively poor performance is noticeable both with hot 
gas and with cold air; the dimension F in this combination was much 
too great. 

Since the flare is a gathering device it might be assumed that the 
volume between the lower part of the stack including the flare, and 
the boundary of the jet, would be a measure of the effectiveness of the 
flare. In Appendix A, Fig. 48, the contours of the various flares and 
skirts are shown; when these are superimposed for comparison, and the 
respective volumes measured, it is found that there is no correlation 
between the volume and the efficiency. This is true whether the volume 
up to the level indicated by the nominal spread of the jet is considered, 
or whether the volume is taken up to the actual level of contact. The 
reasons for this, among others, are the fact that too large a flare in- 
cludes areas of zero velocity, and the difference in effectiveness of the 


curved and conical flares. 
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56. Distance Between Top of Nozzle and Bottom of Stack—The 
variation in performance due to a change in F has been investigated 
in several ways, as by varying F with a constant stack height (cylin- 
drical stack) ; and by varying F with a constant distance between the 
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nozzle and the top of the stack (fixed outside extension), both for 
cylindrical stacks and tapered stacks with cylindrical inside extension. 
Only the first case is a test of the effect of varying F alone, and in this 
case a rather definite best value for F was found, ranging from 0.9 


to 1.3 times the stack diameter, or 2.6 to 4 nozzle diameters. The prac- — 


tical design problem is represented by the fixed outside extension, and 


the question becomes that of how best to divide the space inside the | : 


smokebox and above the top of the nozzle between stack extension 


and F. In this case no important variation in performance due to 


variation in F could be found for any practicable flare. For a nozzle 
of 114-in. diameter and a 414-in. stack the range of F from 4 to 6 in. 
gave results slightly superior to those for higher or lower values; for a 
large nozzle (the 134Y) with the same stack the best range was from 
3 to 4 in. 


57. Stack and F Considered Together—tThe general conclusions 
following from considerations of the four conditions which constitute 
the stack arrangement (diameter and taper, height, flare and F) may 
be stated as follows: 

The principal dimension affecting performance is the distance from 
the nozzle to the top of the stack, and this is the determining factor 
unless nozzle and stack are exceedingly badly proportioned. 

The dimension F must be great enough so that the gases may have 
free access to the bottom of the stack above the table plate and around 
the nozzle; a distance of two-thirds of the stack diameter meets this 
condition, but a distance of one diameter gives results in general that 
are slightly better. If the distance F is great enough for the outer por- 
tion of the jet to impinge on the flare, there will be a considerable loss 
in performance. 

The flare should have no angle at its junction with the stack. 

Long, “easy” flares show no advantage over quadrant-shaped 


flares which increase the diameter forty or fifty per cent. Smaller 


flares than these are inadequate. 

The stack diameter at the base should be at least three times that 
of the nozzle for a plain circular tip, and a diameter ratio of 4 in- 
variably gave satisfactory results in these tests. At least the upper 
portion of the stack should be tapered; the increase in diameter should 
be 1 in 12 to 15 units of height for a full tapered stack and 1 in 6 or 
8 when the top only is tapered. 


58. Applications to Full-Sized Locomotive-—The close relation of 
the model data to that from a comparable full-sized locomotive and 
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the obvious correspondence of these data with the known facts of 


actual front-end performance, indicate that conclusions drawn from 


the behavior of the model may be carried over in their entirety to the 
locomotive itself. These conclusions harmonize with the best front-end 
design in this country, as is evident from current practice. The follow- 
ing special applications may be made to locomotive conditions: 

(1) It is obvious from the effect of small variations in the re- 
sistance to.the passage of the gases that no front-end data obtained 
from tests in which coal is used can be of very much value, unless the 
bulk of these data is such as to average out the variables due to fire 
conditions. f 

(2) The fact that the pulsator valve was without effect is a con- 
firmation of the value of standing tests, in which the front-end per- 
formance is determined with a steady flow of steam through the nozzle. 
For the greatest value, the temperature of the steam thus delivered 
should correspond reasonably with the normal exhaust temperature 
range—230 to 300 deg. F. 

(3) The unsatisfactory nature of the draft as a criterion for de- 
termining front-end performance indicates that gas analyses should 
be made, which in conjunction with the composition of the coal fired 
will indicate the amount of air or gases moving through the boiler. 

(4) The most important dimension affecting draft performance 
within or in connection with the front end is the distance between the 
top of the nozzle and the top of the stack. Assuming that the stack 
height is as great as possible, the nozzle should then be placed as low 
as possible in the front end. The position of the table plate and the 
size of the superheater damper (if used) should be such that the 
normal passage of air through the front end will produce a velocity 
not sufficient to clear the front end of cinders, so that additional ve- 
locity must be secured by the movement of the easily adjusted draft 
apron, and this velocity should be only as great as necessary to clear 
out the cinders. The nozzle may be placed with its top flush with the 
table plate, thus gaining the height of the nozzle as an increase of the 
total distance; there is probably no gain whatever in placing it below 
the table plate, as the tests of the “hooded jet” arrangement showed. 
Anything that can be done below the table plate to clear the gas pas- 
sage of obstructions which cause eddies and reduce the velocity of 
the stream, and result in a greater draft being required to produce the 
velocity needed, is a clear gain. 

(5) It is clear that not much is to be expected from most of the 
changes which are commonly made to increase draft, with the excep- 
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tion of changes in nozzle diameter. Adjustments in the height above 


the nozzle and the flare of the stack base do not hold great promise 


except when made to accommodate certain of the special nozzles which 
offer some improvement. Stack changes, particularly in the direction 
of increased diameter, are promising, especially if it is found that 
nozzle sizes may be increased as well. 

(6) The conditions with regard to a change in nozzle diameter may 
be illustrated as follows: a certain locomotive with 6%4-in. nozzle de- 
velops 48 000 lb. of steam per hour with 7000 Ib. of coal, the flow of 
gas being 96 000 lb. per hour. It is considered that steaming may be 
improved by reducing the size of the nozzle. The back pressure is 15 
lb. per sq. in. with the present nozzle. When the nozzle is reduced to 
6 in., the back pressure will be materially increased, and additional 
steam will be required to meet the horsepower requirement. If the 
cylinders are 27 x 30 inches, the horsepower factor is 0.173 p n where p 
is the pressure and n the number of revolutions per minute; if the 
increased back pressure is estimated at 7 lb. the cutoff must be ad- 
justed to obtain 210 horsepower additional, at 200 r.p.m., adding about 
3500 lb. to the steam requirement, which becomes 51 300 lb. For this 
discharge the back pressure with the 6-inch nozzle is 22.4 lb., slightly 
more than the 7-lb. increase estimated. The gas flow corresponding 
would be 107 000 lb. per hour. The increase in firing rate is proble- 
matical: if the air for combustion actually was deficient this increase 
in evaporation (from 48 000 to 51 300 lb. per hour) might be secured 
with no increase in coal fired due to improved combustion conditions; 
on the other hand the draft might have been excessive with the nozzle 
already in use, and a further reduction would result in more than a pro- 
portional increase in firing rate. 

(7) The importance of accurate back pressure gauges and of 
proper understanding of their indications on the part of locomotive 
men is very evident. 


59. Adjustable Front-End Arrangements.—Everything which has 
been said in the preceding pages of this report has been based on the 
assumption that the tendency in front-end action was to provide an 
insufficient amount of air for combustion, and that the problem in 
front-end design is to increase this flow at the least possible cost. This 
is the normal condition of locomotive operation, but certainly not in- 
variably true. For a given locomotive, with a given fuel, for any rate 
of steam output there is a certain definite most-economical-rate of 
air flow which will give the highest boiler efficiency and the least coal 


a hl al i 


A STUDY OF THE LOCOMOTIVE FRONT END 157 


consumption. It may be assumed that the front-end arrangement is 
such that this condition will be met approximately at high rates of 
working. If, for example, the steam flow is cut in half, the amount of 
air flowing will be considerably more than half as a result of the better 
W./W, ratio at lower pressures, if the resistance is constant,—the 
result will be a larger excess air loss. This shows the desirability of 
placing the control of some of the draft-producing or regulating de- 
vices in the hands of the enginemen. 
Three methods of control are obvious: 
(1) Control of the resistance to the passage of air and gas. 
(2) Control of the amount of steam discharged through the 
nozzle. 
(3) Control of the velocity of the steam discharged. 


Resistance may be controlled at either the front or the back end. 
Ashpan dampers are not generally used in this country; on the con- 
trary the attempt is made to provide as large an air opening as possible 
between the pan and the firebox ring. There would, moreover, be 
serious construction difficulties in providing for adjustment of ashpan 
damper openings. Resistance adjustment could be made in the draft 
apron or the superheater-damper, if a means of controlling the angular 
position of these parts could be provided. This problem is made diffi- 
cult by the high temperature conditions in the front end, but it can 
be solved with no greater difficulty or complication than that involved 
in maintaining a superheater damper in operating condition. 

Control of the amount of the steam discharged, or rather of the 
proportion of the total amount which is allowed to pass through the 
exhaust nozzle, can be affected by by-passing some of the exhaust 
steam directly to the atmosphere by means of a valve controlled from 
the cab, as has been done in several instances. The utilization of vary- 
ing quantities of the exhaust steam by the feed heater is of course 
much more economical thermally, but this arrangement tends to re- 
move not a variable but a fixed proportion of the total exhaust, and 
to leave draft conditions unchanged. The benefit from the continuous 
operation of the heater is as great as that from the draft-control, and 
the desirability of continuous operation would result in the heater 
running full capacity and full time, hence draft adjustment by this 
method is not promising. 

The control of the velocity of the steam discharged involves the 
use of a variable exhaust nozzle, which is regarded as impracticable 
by almost all American railway men, on the grounds of the difficulty of 
keeping the device in working order, the tendency of enginemen to 
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work it at the smallest possible opening, and the belief that there is 

no advantage in it commensurate with the difficulties involved. The 

Locomotive Cyclopedia in earlier editions showed details of adjustable 

nozzles* but in the last two editions has omitted these, making the 

statement, however, in the definition section, that the adjustable nozzle 

! was used to “some extent” in American practice. In Europe (except 

Great Britain) the variable nozzle is regarded as practicable and is 

very frequently used, the commonest form being the type in which a 

cone or ring concentric with the main nozzle opening is made to move 

vertically and partially close the latter, the operating device being 

entirely within the exhaust stand and hence exposed only to steam 

temperatures. Other forms include the shutter type, where a pair of 

gates of controllable opening are applied just inside the mouth of the 

nozzle; the lantern type, in which the normal opening is annular in 

shape, but the exhaust steam can also be permitted to flow out through 

the central portion by rotating a sleeve-like shutter which opens a 

series of vertical slots establishing communication between the outer 

and inner passages; and the rotating dise type, by which the rotation 

of a plate is made to vary the size of the exhaust openings. All of 

these latter types are open to the objection of involving an operating 

mechanism exposed to smokebox temperatures. The Lima Locomotive 

Works built the inner-cone type of nozzle into their first ‘“super-power” 

locomotive in 1924, but the opening was not placed under the control 

of the engineman; it was intended that alterations should be made by 

maintenance forces to correspond with changes in working press 
and maximum cutoff. 

If the steam locomotive is to maintain primacy as motive power, 
progressive refinement in design and efficiency of operation are de- 
manded. Improvements which were first regarded merely as un- « 
necessary refinements have come to be considered essentials to eco-— 
nomical operation, and many more such refinements must be made in 
the future. No improvement could be more logical than one which 
would make it no longer necessary for a locomotive to work through 
a range of from 300 to 3500 horsepower with identical draft appliances. 


po ne 
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*See 1916 edition, pages 308, 310; 1922 edition, pages 291, 296. 
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APPENDIX A 
TuHeE Iuuinois Front-Enp Mope.t 


1. General.—The construction and operation of the model has 
been referred to in Chapter IV and will be further discussed here. 
The model was originally constructed by the Burr Manufacturing 
Company of Champaign to the designs of Professor Schmidt and 
Mr. Parkinson. During the course of the investigation many minor 
changes were made, and the general reconstruction was accomplished 
by the investigators’and the University mechanics. The proportions 
of the front end were those of the Railway Administration heavy 
Mikado locomotive, but other proportions and dimensions were 
merely those dictated by convenience. Figure 45 shows the general 
arrangement of the apparatus before and after the reconstruction, 
and Fig. 46 is from a photograph taken after the reconstruction. 

The device consisted essentially of a quarter-scale locomotive 
front end with all essential parts represented or simulated in such a 
way as to duplicate on a small scale the actual action taking place 
in the locomotive, a controllable steam supply representing the ex- 
haust steam from the locomotive cylinders, with a rotary pulsator 
valve in the steam line by means of which the puffing action could be 
imitated, a means of measuring the steam used, a means of supplying 
air, either at atmospheric or higher temperature, and a means of 
varying the resistance to the admission of air. In addition, instru- 
ments were provided for measuring pressures, temperatures, draft, 
and air flow. In the rebuilt model the specifications are similar, 
except for the omission of the pulsator valve, and the provision of a 
better means of supplying heated air, that permitted the use of 
actual hot combustion gas. 


2. Details of Construction and Operation.—Steam is received from 
the power plant at pressures between 130 and 140 lb. per sq. in., and 
a quality as shown by the calorimeter of about 96 per cent, after 
entrained water has been removed by two separators. The steam 
flow meter (nozzle type) was calibrated for a pressure of 100 Ib., and 
a reducing valve in the line just ahead of the meter was provided 
for the purpose of maintaining this pressure. This valve was con- 
trolled by a pair of rope pulls leading up to the control-station. The 
amount of steam flowing into the model was controlled by the valve 
G, and the exhaust pressure was read on a mercury gauge. 
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(a/-Befrore Rebuilding 


Floor Lire 


(@)-After Rebuilditg 


Fic. 45. Diagram or Inurnoris Front-ENp Mops, Berore AND Arter REBUILDING 


A — steam line from power plant IL — heating chamber 

B — separator M — reducing section of air duct 

C — throttling calorimeter N — choke 

D — reducing valve and control cords O — air duct 
to operator’s station E; — differential draft gauge 

E — flow meter flanges and connec- P;, P2 — points at which pressure was a 
tions to body of meter observed 

F — steam storage tank ti, tg — points at which temperature 

G — pressure control valve was observed 

H — pulsator valve di, d: — points at which draft was 

I — exhaust stand observed 

J —smokebox front S — gas and air supply for heater 


K — boiler shell 


When the model was reconstructed the flow meter #, the tank F, and the pulsator valve 
H were omitted; a gas firebox replaced the radiator chamber, and the air duct was turned 
back under the model, entering. the firebox Q through the conical connection 7. A second pres- 
sure control valve G2 was installed, also a valve P to blow the water from the steam line. 


If pulsation was desired, the valve H was operated. The pulsator 
valve consisted of a slotted revolving disc operated by a small motor 
with variable speed control which alternately cut off and admitted 
steam to the model. Operation of the jet was visible through the 
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Fig. 46. Intinoris Front-Enpd Monet Arter Reconstruction 


glass door in the side of the model when cold air was used. Air was 
admitted to the duct through the bell-shaped mouth; the supply was 
controlled by means of changing the disc in the choke slot. Tem- 
peratures at the mouth of the duct, at the front end of the tubes, 
in the exhaust jet, at the calorimeter, and in the steam main were 
determined by means of copper-constantan thermocouples and a 
precision potentiometer. Pressures in the steam main, and at the 
flow-meter, were read from gauges at the control station. Drafts in 
the front end and the indications of a differential draft gauge in the 
mouth of the duct giving the air flow were read on the gauge board. 
Several additional thermocouples, pressure gauges, and draft gauges 
were installed, but not normally used. After reconstruction and the 
elimination of the pulsator, tandem pressure control valves Gi and G2 
were used (Fig. 45b), and the flow meter was not put into service.* 

At the control station were located the two pressure gauges, the 
rope pulls to the reducing valve, the two jet-pressure control valves, 
and, at the near end of the instrument board, the mercury gauge 
showing the jet pressure. On the instrument board were also located 
the other draft gauges, including the differential gauge. The poten- 
tiometer and auxiliary apparatus were placed on a table some distance 
away in order to reduce the effect of vibration. 


*After 2300 tests had been run, each nozzle having been used from three to one hundred times, 
the steam flows were thoroughly established and the meter of no further utility. 
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Fic. 47. Stack DIMENSIONS 


3. Stacks, Nozzles, and Skirts——The stacks used in the investi- 
gation were designated by arbitrarily assigned numbers or symbols; 
a number alone was used for the stacks of conical or cylindrical form 
having the standard height and flare, while letters and numbers were 
added to indicate the use of other flares or skirts, and of varying 
inside extensions. The nozzles were designated by a number and 
letter, the latter indicating a classification and the number showing 
some element of the dimensions, commonly the smallest diameter. 
The skirts and flares were arbitrarily designated by letters and num- 
bers. All of these are shown in Figs. 47-53 where sketches and 
tabulated dimensions are given. 


4, Test Procedure-—The procedure in a regular test consisted of 
preparing the front-end set-up as desired, clearing the model of water, 
turning on the steam, making simultaneous adjustment of the pres- 


sure of the latter to keep the pressure at the flow meter at 100 lb. © 


per sq. in. and the nozzle pressure at the level desired. From four to 
seven (most commonly five) jet pressures were used for each arrange- 
ment; a test with a single pressure used with a given set-up is called 
herein a determination; a series of determinations with the same set-up 
and other conditions is called a run. Special tests investigating the 
effects of steam temperature, air or gas temperature, humidity, etc., 
required special procedure, and the methods used are described as 
the phase of the investigation is recorded in the body of this report. 
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Wt somal —_ 2>-Oursiae extersion (conical) perrntt- 
tng additional height we to Ii. 


3- /nside extension 4 diamerer Cy/- 
lodrical givirrg any lergt of exter- 
sior? fo 10 tv. 


F.— Skirts — 


1-The stack afore 
(Base is (0° above normal 
positiot? of tgo of rozz/é.) 


S.- Flares — 


Large Flare Small Flare 


6.- Sotrme (od ifleatior7s — 


Fic. 48. Moprirications or No. 1B Stack 
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Taste 15 
SumMARY oF ARRANGEMENTS TESTED 


A. GENERAL Stack anp Nozze Txsts 


Number of Runs with Combination Indicated 


o 


ee ee ee ee ee ee ee ee eS ee 


dareistoish te 66 5 0 0 6 5 
SEMA SIats Ie Da Taie obese 6 4 5 5 , 5 5 3 
Rh cnitaigtawters ine sess 7 6 5 5 5 5 5 ne 
Bae aalaearacons 4 5 5 5 5 6 5 5 
4 : 3 9 ae re 5 5 5 5 
S-Pennsylvania....... 23 6 5 11 5 5 5 5 10 36 5 - 
S=Bridgesn secerscises 22 6 6 il 5 5 5 5 5 23 re 
S-Pepperbox......... 16 5 Ds 78 5 5 5. 17 5 16 7 ~ 
Basket oy cc Gia cies See wee eae oss aes igh aoe ee ers 2 2 
2W 5 6 10 ae one sea ae — = i an 
1.7W. 5 ax 9 Eee salts aks ae ee sae Aor ioe 
c 10 6 11 5 ae see 4 oo oF. 4 nee 
1.52) 50 5 15 ets Rae are se <p ue ae ead 
: 1.6Z 56 11 5 cnt aug Boh Be ee ce 5 aon 
ie BZ. ei e20 11 5 sSecellh bes,” Ngee i eee a teune cesta eee a ee 
' : ieee 10 5 ae he se eats at sm cio Sias 
3 K aed 12 5 ate ine aah Row seis aoe eis m2, 
; 6 6 5 5 fee ae a E ai on ae “=F 
ee 


B. Moptrications or No. 1B anp No. 9 Stacks | 
eee 


Number of Runs with Combination Indicated 


—_ _S— 


Nozzle Stack No. 


—— NS err 


1B-0-L | 1B-4-L | 1B-4-8 | 1B-1-L | 1B-2-1 | 1B-3-L | 1B-5-L | 1B-6-L |1-B-1-8 1B-2-5 | 1B-3-S | 1B-5-S % 


39 39 16 
9 vob ae 9 
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GC Alek d eewaesan ie 6 
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aes | : Number of Runs with Combination Indicated 


Nozzle . Stack No. 
: 1B-0-0 | 1B-2-0 | 1B-3-0 | 1B-1-1 | 1B-2-1 | 1B-3-1 | 1B-4-1 | 1B-0-2 | 1B-2-2 | 1B-0-3 1B-2-3 | 1B-3-3 
U4Y peeeeeee ee nae ex oe 6 6 5 5 5 5 5 
SGN a gc So 6 6 1 10 1 6 os ee ally SiGe 7 
S-Pepperbox.. a Pee 
Number of Runs with Combination Indicated 
Nozzle Stack No. 


ee eer eee, ee ae ee oy = A oe eee 
1B-4-3 | 1B-0-4 | 1B-2-4 | 1B-3-4 | 1B-4-4 | 1B-0-5 | 1B-1-5 1B-2-5 | 1B-1-6 | 1B-2-7 | 1B-3-7 | 1B-4-7 


ae Seite J 16 5 7] 6 5 11 11 4 2 8 6 5 2 

sone es aoe 3 an 

POISE Ye cakes: 6 6 6 6 5 6 5 = 
S-Pepperbox..| 5 wae Aa 


No. 9A stack with the following nozzles: 1}4Y (5), 154Y (5), 1.54 (2), 184Y (5), and pepperbox, (5). 


C. Srack Herent anp F Tzsts, Wits No. 2 Stack ann 14Y Nozzle 
With small flare, 9 combinations of height and F,5 to 15 runs with each. With large flare, 33 combinations, 5 runs each. 


D. Stacks No. 1, 1B, anp 1B-4-L Wirs Extensions 


Number of Runs with Combination Indicated 


Nozzle Stack No. 
; in. jn.| 1 +11 | 14+ 13 | 1B+10 | 1B+12 | 1B-4-L | 1B-4-L 
eh Acs abc ab aka in. in. in, in. +4in. | +8 in. 
Ra, ee ee 5 10 5 5 19 10 5 = 
DOA ctre re ticles > se imole sane» Aen Bea sacle sats 7 5 ates Seats Raee 
BG ote jacstarbeinieise sini, «n'a 5 Ge 6 ree 3 
SGN cee otra seewieerss 6 oe 6 6 
HOE eR eer har ie 6 “tet 
S-Pennsylvania..........-.- 6 11 S 
SES TIEO Nar cleteicielsleerefale wia)sie/< aes nog a 6 “ 
SSP ODPRMIOK: co tes nice cies oie'e ASA 7 6 ‘eis 
OVA oe ane God onneee Seas 5 Sars 
E. Top Tapper anp Top Drart Stacks 
Number of Runs with Combination Indicated 
Nozzle Stack No, 

2-T-2 2-T-3 2L-T-2 2-3-T2 TD-0 TD TD25% 
DEA Cs. Spee POR DAULGRCEOTOBECe 10 5 5 10 5 15 
OZ Werte ee are iced cancer mess) I Rome essen Ih wiesieies “Il cieieine 10 10 10 
Reon penbOxtey eee ee eit a ae) Cire) It Meroe eM wegtaws ||) Senee ere 5. Aa) oes 

F. SpectaL CoMBINATIONS 
Nozzle Stack Notes No. Runs 

IAWG, Soe oh anor geno er aOree No. 4— INO SHANE 5 3 wicialernininiala «4's ole'n sie old 0.5 alee siaieiniis 5 
TEV ANE cel pene ee eagUaCeaO. BoEG No. 1B+ ACrivign) UNGER NOBEL CL w.5.5 >/clee eis tarere este > Siok i 5 
UUs Viecsetoter te stoi staieyausieiatotereters nis No. 1+ Cross partition in stack.............+.+20005- 6 
Eee Van pment oe atete fas awsvasaiiale No. 1B+ Infiltrator in inside extension................05 4 
1G Veto ote aetaro stain Sisse a/eleeLnienn No. 1B-4-L Experiment on filling stack................... 2 
iS nadie bore Seo Natene comer No. 1B Ipigh Pressure, © esta, msc taserhuttes + «0.60! 20 
5 UT he eto Spree aancee POACONbE No. 2 how Pressure)Lestigses,. ce w/o-uicepies + s0)m2e is 2 
S-PepperDOX se cic = eviele/sioieo ele No. 1+ Cross partition in stack...............+...005 7 
S=PEpPeE DOK <petoleiays's se \aelste ews No. 1B-4-L Jet-spreader on nozzle, 2 positions............. 10 
15 No. 1B-4-L Hooded ale ute teyttetale Me siade e =-s< (51> 21m als sie)a's 5 
1.50 6. No. 2— Large flare on No. 2 stack............-....-.- 3 
1.5U No. 2-2-L Same, with extension, F = 1 inch.............. 3 
1.5Z No. 1B-1-L DAPI S SAG ET TOAMO se ate ole 9:2 2 viele 614 wiajnivinie wise (e == 5 
RL, No. 1B+ HPSCCIAMOMAMBLATb aN ore a haeicleans ssa s oes 9 


a sae 
“= 
bi 


hay Se = 

_ 
LOV 8, ALL Nouns wiia es 
- ah 
ummary of the steam flow results secured for all of de 
fet 1 fully, with the pe of determinations on which. 


TaBLe 16 < 
Summary or Steam Fiow Resutrts, Att Nozzizs 


Steam Flow for Jet Pressure Shown 
| No. of Runs ’ 
on Which Ib. per hr. 5 
aot : 
. 1 2 3 4 5 6 8 
ccigecedaa 267 650 950 1150 1500 1940 
Peseta are rsh 15 650 820 1120 1300 
15 730 970 1220 1550 
10 750 1070 1340 mes 1790 2400 
33 890 ~ 1290 1600 1890 2150 wane 
46 640 900 1090 Bite 1410 1810 
71 590 850 1050 1360 1810 
60 590 860 1070 1410 1850 
5 630 900 1080 1360 1700 
Rees 27 690 960 1140 1340 1470 1870 
35 800 1150 1360 1570 1780 2040 
20 870 1250 1490 1810 2000 
19 1010 1400 1520 1600 1700 2030 
12 1110 1420 1490 1630 1720 1980 
17 1220 1420 1520 1620 1650 1970 
16 660 980 1180 1540 1940 
9 630 980 1150 1520 1940 
9 650 1010 1230 1610 2070 
ll 620 990 1170 1430 1940 
Paustetone 14 650 930 1150 1520 1900 
eee 10 940 1400 1660 2260 tee 
Batetore:cis Be 5 670 1020 1330 1800 2300 
Beemer Yor. 516 ake 5 560 730 910 1200 1480 
Ree 5 470 610 830 1030 1380 
Brava katersiais! <3 17 690 1040 1280 1360 1710 2280 
4 Behe eee 11 560 780 980 1150 1260 1660 
COU Sree saryeyeis = ore 5 630 930 1120 1430 1830 
EQWTN OS Une ssi sisrety = was 11 670 980 1250 1540 1590 2090 
tits be 33 Bae eo 20 700 1010 1240 1400 1690 2070 
PRES BS ctesece aie tt ll 590 910 1060 1300 1790 
etic OnOOC oe 6 430 730 950 1090 1640 
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APPENDIX D 


Summary or Arr FLtow Resutts, Tests Run WiTH 


ATMOSPHERIC AIR 


The air flow data for any test or series is available in the perform- 


ance curves shown in the body of this report, but for certain of these | 
series reference is made to the actual flow figures, and for these the 


TABLE 17 
Arr Ftow Summary, Stack TEsts 


Nozzle 


Bridge..... 


Pepper- 
box 


aoownNre ooawnre coownhre OoronNnre Norco be com he comwhte couwnr 


1 | 2. | 3 
1930 | 1890 | 2110 
2640 | 2690 | 2860 
3140 | 3060 | 3350 
3780 | 3780 | 4070 
4380 | 4390 | 4740 
1650 | 1510} .... 
2240 | 2220 | 2390 
2750 | 2680 | 2850 
3400 | 3280} 3600 
3860 | 3900 | 4200 
1870 | 1800 | 1940 
2550 | 2450 | 2630 
3010 | 2900 | 3070 
3620 | 3550 | 3720 
4210 | 4190 | 4420 
2050 | 1900} 2240 
2790 | 2600 | 3050 
3270 | 3100} 3600 
4020 | 3900 | 4250 
4620 | 4400 | 4800 
2070 | 1980} 2300 
2960 | 2770 | 3200 
3460 | 3200 | 3700 
3870 | 3760 | 4200 
4470 | 4320 | 5000 
1840 | 1540 | 1850 
2520 | 2340 | 2670 
3000 | 2830 | 3180 
3530 | 3600 | 3910 
4210 | 4310 | 4750 
1970 | 1670 | 2150 
2710 | 2430 | 2960 
3220 | 2930 | 3540 
3950 | 3620 | 4360 
4600 | 4440 | 5120 
1820 | 1680 | 2150 
2550 | 2320 | 2940 
3030 | 2750 | 3540 
3900 | 3500 | 4400 
4770 | .... | 5460 


rida ees 


Stack Number 


Air Flow in lb. per hr. 


1570 


1910 
2540 
3010 
3580 
4260 


2020 
2800 
3270 
3960 
4650 


1890 
2600 
3170 
3890 
4760 
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air flow data have been arranged in tabular as well as graphic form, 
Tables 17 to 21 being presented in this appendix. 
. The figures given in the body of each table represent the air flow 
_ in pounds per hour, column and side headings indicating pressure, 
nozzle used, stack and other pertinent conditions, 
4 


TasBLeE 18 
Arr Ftow Summary, GENERALIZATION SERIES 


Steam Pressure; lb, per sq. in. 


Sur, 
Nozzle Stack 1 2 3 4 6 
in. 
Air Flow in lb. per hr. 
154Y 1B-0-0 104 2210 3060 3529 4020 4723 
1B-0-L 814 2302 . 3217 3775 4230 4914 
1B-1-L 4 2312 3235 3772 4236 4980 
1B-3-0 4 sate Raves 3604 conta, ae Boe 
1B-2-L 6% 2199 3187 3762 4221 5075 
1B-2-S 6% 2247 3097 3712 4195 4985 
1B-3-L 514 2373 3262 3828 4236 4969 
1B-4-L 444 2399 3247 3826 4244 4987 
1B-4-L + 4 in 44 2580 3564 4183 4651 5508 
1B-4-L + 8 in 44 2699 3709 4459 5004 5892 
1B-4-5 414 2366 3326 3838 4302 4932 
1B-2-1 2052 2850 3330 3732 4298 
1B-3-3 4 2174 3102 3643 4115 4756 
1B-3-4 4 2279 3190 3674 4108 4796 
1B-1-6 44 2290 3045 3790 4260 5000 
1B-3-7 44 2340 3190 3710 4135 4780 
4 414 2338 3240 3763 4109 4806 
1B-5-L 314 2316 3282 3818 4310 4968 
1B-5-5 314 2399 3323 3847 4303 5050 
1B-3-1 2258 2971 3397 3802 4434 
1B-4-3 3 2387 3241 3781 4159 4908 
1B-4-4 3 2449 3242 3761 4182 4979 
1B-0-5 3 2402 3256 3808 4289 4984 
1B-4-7 344 2190 3125 3670 4120 4725 
14Y 1B-0-L 84 2140 2955 3465 4161 4983 
1B-2-L 6144 2088 2990 3533 4272 5289 
1B-2-S 64 2143 2943 3470 4155 5135 
1B-2-7 54 ae she MAAS 3910 ee 
1B-4-L 414 2182 3030 3493 4169 5130 
1B-4-5 414 2107 2989 3507 4164 5055 
1B-2-1 4 1865 2662 3147 3731 4527 
1B-1-6 44 2135 2850 3400 4110 4990 
1B-3-7 44 2265 2960 3465 4080 4825 
1B-5-L 3 2085 2964 3529 4170 5127 
1B-5-S 344 2143 2969 3537 4186 5075 
1B-3-1 3 1868 2647 3134 3689 4445 
1B-4-4 3 2114 2908 3444 4083 4841 
1B-4-3 3 2114 2918 3498 4052 4881 
1B-0-5 3 2106 2946 3445 4124 4969 
1B-4-7 314 1985 2850 3320 3910 4755 
134Y 1B-4-L 41g Baie 2925 3417 4259* 4783 
1B-0-5 3 ears 2925 3380 4172* 4674 
154Yt 1B-4-Lf (44%) 2131 2981 3598 3980t 46949, 


*Pressure 5.7 lb. per square inch. 
{Jet hooded. ‘ 
Pressure 4 Ib. per sq. in. 

4[ Pressure 6 lb. per sq. in. 


— TABLE 19 
Arr Frow Summary, Stack Hercut AnD F Serres 


Air Flow in Tb. per hr. 
‘Total Height of Stack, in, 
ov | 11% | 13% | 15% 


| | | | ff 


Outside Extension........... 


2% : eee z 
[orn er 3100 | 3300 | 3350} 3410 | 3400 
© sq. in. 5 3730 4050 4090 | 4200 4220 
8 4500 | 4650 |- 4770 | 5000 | 5080 
Outside Extension........... ‘ 2 4 6 8 10 12 
is 44 | Steam 1 2075 | 2050} 2050 | 2075 | 2010 | 2050 
; Pressure, 2 2700 2850 2875 2875 2850 2950 
; \ lb. per 3 3170 3350 | 3400 3400 3400 3450 
i sq. in 5 , 3750 4100 4175 4200 4150 4350 
8 4700 | 5000 | 5075 | 5125 | 5050 | 5150 
Outside Extension........... ar sicls 2 4 6 8 10 12 
6% Steam i! 1950 2075 2050 2125 2050 2000 
Pressure, 2 2625 | 2800 | 2800 | 2800] 2900 | 2800 
Ib. per 3 3120 3320 | 3320 3350 3400 3320 
sq. in 5 3750 | 3920 | 4100 | 4100 | 4250 | 4200 
8 4470 | 4750 | 4900) 4950} 5100 5000 
Outside Extension........... ae 2 4 6 8 10 12 
84 Steam 1 1850 1875 1875 1950 1900 1900 
Pressure, 2 2450 2620 2570 2650 2650 2720 
lb. per 3 2950 3100 3050 3150 3200 3200 : 
sq. in 5 3550 3800 3800 3830 4000 4000 
8 4350 4500 4500 4625 4800 4900 - 
— 
Sea 
Outside Extension........... 2 4 6 8 10 12 Pi 
10% | Steam 1 | 1800| 1800] 1880 | 1850 | 1800 | 1850 ‘ 
Pressure, 2 2450 2520 2500 2600 2625 2630 j 
lb. per 3 2900 3050 3000 3100 3100 3100 
8q. in 5 3550 3700 3700 3900 3850 3950 
8 4200 4450 4450 4650 4720 4700 


d TABLE 20. 
Arr Firow SumMarigs For Trsts or Top-Tarer Stacks 


Steam Pressure, lb. per sq. in. 


Nozzle | Stack Arrangement F 0.5 | 1 | 2 | 3 | 4 5 | 6 | 8 
“ul Air Flow in Ib. per hr. 
14Y 2-T-1 (cylindrical extension) | 414 ie 2000 | 2870 | 3350 sree 4050 Me 4820 
2-T-2 (top flare to 54 in.) 44 ar 2125 3100 | 3580 |. ... 4420 ee 5100 
2-T-3 (top flare to 6 in.) 444 ee 2050 | 3000 | 3500 ‘aie 4300 a 5025 
Top draft (opening 0): 44 sos 2230 | 3010 | 3540 sia 4260 Pr 5020 
Top draft (ope ning ming 54) 44 Fags 2060 | 2940 3570 ven 4270 ate 5050 
Top draft (opening 254) 44 wee 2050 | 2875 3350 Ses 4100 BiG 4950 
134Y Top draft (opening 0) 414 1840 | 2555 3335 mane 4290 San 5010 
Top draft (opening 5) 44 1835} 2450 | 3330] ... ASTON os 5070 
Top draft (opening 25) 4\y 1630 2330 3110 eae 4200 Aas 4840 
Pepper- | Top draft (opening 54) 44 oe 2140 | 2980 3470 Sars 4350 ane 5400 
box 1B-4-S 44 cae 2033 2760 3220 ms 3800 Sa 4440 
1B-4-L 44 = 2020 2810 3280 or 3900 et 4590 
No. 1 44 1926 2640 | 3140 3780 4380 
No. 2 44 1890 2690 | 3060 3780 4390 
No.3 44 ae 2110 | 2860 | 3350 es 4070 nts 4740 
No. 2—17\% high 4g i 1950 2800 | 3300 Doe 4140 rae 4930 
TABLE 21 
MiscELLANEOUS Arr FLow SUMMARIES 
Steam Pressure, ib. per sq. in. 
F 
Stack Nozzle 1 | 2 | 3 | 4 | 5 | 6 | 8 
in. 
Air Flow in lb. per hr. 
i Se ceseotaoee Pepperbox ..... 44 1970 2880 3520 APR 4350 Case 5360 
BEAT y remain syeve sce Pepperbox with 
spreader at top 
position....... 44 1920 2755 3395 See 4230 acted 5210 
PFU er orereisinine =o Pepperbox with 
spreader at bot- 
tom position. . 414 1870 2755 3420 rate 4290 eld 5270 
BEARS csecettine case's ore Bridge... 44 1880 2720 3315 ee 4140 a 5000 
(hoe Sines eee 5 A 44 1760 2370 2990 ge 3760 aa 4580 
TBS. cece rence: i 7 A 414 1580 2290 2765 sie 3505 Sire 4370 
HBS = Qonenafeaie siauhies 8506 1WyY. Z 21388 2968 3482 4204 isan 5020 
BATH ceed ate «50s 1K4Y. 2 1915 2640 3140 3720 ace 4330 
e220 a Grcinis weneieled 1% 1 son Stes 3025 eae aeieis Baar sieves 
PB-O-5 50 oc. Geeacess 154Y. 3 2402 3256 3808 4209 suis 4984 Meri: 
1B Special......... Lewis 334 A eats 2520 Sethe 3350 Pee 3860 4330 
DIAN eesiescae.c sles WY 44 2160 2850 3250 nae 3740 oe 4500 
DA estas aneak 1%Y... 44 2310 2990 3510 3850 ert 4410 rae 
SE tee Mepis tharos 134Y. 44 2390 3130 3660 4050 Scot 4610 aural 
GAM OR OSE. Pepperbox ..... 44% | 2150 | 2920 | 3440 | .... | 4260 | .... | 5300 


APPENDIX E 


SummMarRY OF Hot Gas Fitow RESULTS 


Tables 22 and 23 show a comparison of the hot gas flow obtained 
with certain arrangements of stack and nozzle with the cold air flow 
obtained with the same arrangements, and the variation of gas flow 
with temperature. 


The figures in the table show the flow in Ib. per hr. at 75 deg. F., and 630 deg. F., respectively, and the 


TABLE 22 
Hor Gas Ftow CoMPArED wiTH CoL_p Air FLow ror SAME ARRANGEMENT 


percentage reduction due to heating. 
Steam Pressure, Ib. per sq. in. 
Stack Nozzle 
1 2 3 4 5 
No. 4 1w%Y Flow at 75 deg. F. 2050 2780 3230 3600 
Flow at 630 deg. F. 1640 2190 2560. | 2850 
Reduction, per cent 18.5 21.2 20.8 21.0 
14Y Flow at 75 deg. F. 2140 3000 3540 3930 
Flow at 630 deg. F. | 1790 2360 2800 3100 
Reduction, per cent 16.4 21.3 21.3 21.1 
184Y Flow at 75 deg. F. 2400 3250 3800 4270 
Flow at 630 deg. F. | 1920 2490 2940 3300 
Reduction, per cent 20.0 23.2 22.3 22.8 
Penna. Flow at 75 deg. F. 1990 2650 3140 3470 
Flow at 631 deg. F. | 1670 2100 2450 2720 
Reduction, per cent 16.2 20.8 22.0 21.7 
Bridge Flow at 75 deg. F. 2100 3450 3860 
Flow at 632 deg. F. | 1640 2250 2700 3000 
Reduction, per cent 21.6 22.5 21.8 22.4 
Pepperbox | Flow at 75 deg. F. 2050 2900 3530 4020 
Flow at 632 deg. F.| 1700 2300 2750 3150 
Reduction, per cent 17.5 20.6 21.4 21.6 
No. 1B-4-S 1wWY Flow at 75 deg. F. 2000 2780 3230 3600 
Flow at 632 deg. F.| 1650 2200 2580 2890 
Reduction, per cent 17.5 20.8 20.4 20. 
14Y Flow at 75 deg. F. 2220 3020 3530 3930 
Flow at 632 deg. F. | 1810 2400 2810 3160 
Reduction, per cent 18.6 20.4 20.4 Ce: 
184Y Flow at 75 deg. F. 2220 3050 3550 ss 4310 
Flow at 632 deg. F.| 1810 2440 2840 ake 3360 
Reduction, per cent 18.2 20.0 20.0 ae 22.0 
Penna. Flow at 75 deg. F. 1800 2490 2930 3300 ae 
Flow at 632 deg. F. | 1500 1960 2300 2600 
Reduction, per cent 16.7 20.8 21.3 21.3 
Bridge Flow at 75 deg. F. 2100 2910 3470 3900 
Flow at 634 deg. F. | 1750 2370 2800 3110 
Reduction, per cent 16.7 18.5 19.0 20.5 
Pepperbox | Flow at 75 deg. F. 1930 2650 3200 3660 
Flow at 632 deg. F.| 1650 2180 2620 3000 
Reduction, per cent 14.6 17.8 18.1 18.0 
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‘TABLE 22 (Concluded) 


Flow at 75 deg. F. 

Flow at 630 deg. F. 
Reduction, cent 
Flow at 75 deg. F. 
Flow at 632 deg. F. 
Reduction, cent 
Flow at 75 deg. F. 
Flow at 632 deg. F. 
Reduction, cent 
Flow at 75 deg. F. 
Flow at 634 deg. F. 
Reduction, cent 
Flow at 75 deg. F. 
Flow at 631 deg. F. 
Reduction, per cent 
Flow at 75 deg. F. 
Flow at 631 deg. F. 
Reduction, per cent 


Flow at 75 deg. F. 
Flow at 620 deg. F. 
Reduction, per cent 
Flow at 75 deg. F. 
Flow at 630 deg. F. 
Reduction, per cent 
Flow at 75 deg. F. Rae sah 
Flow at 620 deg. F. 2540 2980 sees 3700 eae 4540 
Reduction, per cent 12.5 14.0 Ne ae 16.0). 5 16.7 


*All readings for this stack were taken with pressures 10 per cent above indicated amounts, i.e., 1.1, 2.2, 3.3 Ib. etc. 


TABLE 23 
VARIATION OF Gas FLow WITH TEMPERATURE 


Steam Pressure, Ib. per sq. in. 
Temper- 
Stack Nozzle | ature 1 2 3 4 5 6 8 
deg. F. 
Air Flow in lb. per hr. 

No. 4 154Y 75 2140 3080 3510 3920 a 4570 

630 .| 1790 2380 2790 3110 abs 3510 

573 1790 2420 2850 3200 shin 3540 

507 1840 2540 2900 3280 Py iic 3680 
428 1970 2610 2980 3390 Se 3710 Rate 
No. 1B* | 1}4Y 75 2120 2930 3430 3920 4330 4500 5140 
632 1780 2400 2830 3060 3350 3540 3890 
566 1890 2530 2950 ee 3490 yes 4100 
503 1900 2620 3010 3540 4190 
431 1950 2640 3050 3670 4320 
360 2720 3140 3810 4450 
285 3310 3900 4530 

Steam Pressure, Ib. per sq. in. 
2 3 5 8 
Temp. | Air Flow | Temp. Air Flow Temp. Air Flow | Temp. Air Flow 
deg. F. | Ib. perhr.| deg. F. | lb. perhr. | deg. F. Ib. per hr. | deg. F. | lb. per hr. 
oe Behe ys 450 2630 432 3020 256 3940 228 4660 
ete oe 415 2710 372 3090 226 3980 198 4820 
312 2720 332 3140 195 4040 172 4850 
280 2760 298 3170 165 4090 157 4900 
243 2800 262 3220 136 4200 143 4930 
wi es 223 3290 gos Rene 137 5000 
199 3320 se Roun 
165 3380 


*In tests on No. 1B stack, all pressures are actually 10 per cent higher than the figure given, i.e., 1.1, 2.2, 3.3 Ib. ete. 


APPENDIX F 
Summary or Arr Frow Resuts, Errect OF i 
ATMOSPHERIC CONDITIONS 


‘Table 24 shows corrections to air flow test results for tempe: : 
barometric pressure, and relative humidity. 


TABLE 24 


>_> Arr Fitow Summary, Errect or ATMOSPHERIC CONDITIONS 
q be 
A. Arr Frow Dara as TAKEN (No. 4 Stack and Pepperbox nozzle) 
Steam Pressure, Ib. per sq. in. 
“a 
R Runs Nos. 
Air Flow in Ib. per hr. 
: 3244-47....... 75-78 29.80 29-34 2000 | 2850 Siete 3970 as eve sees 5300 : 
: 3248-51....... 63-64 29.80 34-37 2050 | 2890 > ete 3930 aie ase 5240") Gas 
: 8252-55....... 56 29.80 43-49 2050 2890 eee 3890 exee ak 5160 ores 
3260-66....... 73-75 29.60 65-73 2100 | 3030 | 3500 | 3990 seks 4810 5190 | 5520 
3267-9, 72-3... 90 29.53 45 2170 | 3040 | 3620 ahs 4540 teas nd 5530 
BATOHTL a vs cows 92 29.53 45 = eA aia par heal 4550 5550 
= 3275-79....... 75 29.53 64 2170 | 3000 | 3600 sci 4520 oe ee 5500 
3280-84....... 67 29.75 38 2100 2940 | 3500 Shyer 4400 See eee 5430 
3285-89....... 52 29.75 55 2030 2850 | 3450 ae 4350 as ations 5400 
S200 Mgrs vue aw 80 29.80 21 soPs 2940 aie ees ened Pee. 
eae vis shoe eie ce 85 29.80 77 2970 
BAS sc asinine 86 29.80 63 2940 
BEOU ohana nes 86 29.80 70 2970 
B. Corrections AnD CorrecTep Data 
> 
Corrections in per cent for 
Atmospheric conditions Corrected Air Flow in Ib. per hr. a 
shown above — 
=a 
j [ 
3244-47....... +0.2 +1.3 +0.1—| 2080 2890 ss. | 4020 Sane Sess 5370 eget 
3248-51....... +2.2 +1.3 +0.1—| 2120 2990 Pius 4070 feels ieee 5410. Be % 
3252-55....... +3.6 +1.3 —0.1—| 1950 3040 adobe 4090 ae aha 5400 ee 
3260-66....... +0.3 +0.7 —0.3 2120 3050 3510 | 4010 Aus 4830 5220 5550 . 
3267-9, 72-3 —2.5 +0.4 —0.1—| 2130 2970 3530 ae 4460 a wee ea 543 d 
Cyne dl Una ae —3.0 +0.4 =< l=} sls sage evan Sea 4430 Aaa pao Beule 
B2TO-T9 neces +0 +0.4 —0.25 2170 3000 3600 235i 4520 eee seats 5510 
3280-84....... +1.2 +1.2 +0 2160 3020 | 3600 niet 4510 |... shane 5590 : 
3285-89....... +4.3 +1.2 |} -—0.1 2140 | 3000 | 3640 ete 4590 Be 5 ef 5690 
B26) amesieaee.. —1.0 +1.3 +0.2 ms a 2950 ona’ aes saiels aah 
SLO 0 e:s pee ea as —1.8 +1.3 —0.4 2940 
B2G8 ower ecru —2.0 +1.3 —0.3 2910 
OLOU aenmransye —2.0 +1.3 —0.4 2940 
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600 
(0.167 Ib. 
per second) 


900 
(0.25 Ib. 
per second) 


1200 
(0.333 Ib. 
per second) 


1500 
(0.417 lb. 
per second) 


1800 
(0.50 lb. 
per second) 


TABLE 25 


RELATION BETWEEN STEAM VELOCITY AND AIR FLow FOR 
. Y Nozzues anp No. 1 Stack 


Specific Volume of Siam = a per lb..... 
| Steam flow, cu. ft. per Redondo Seas 
| Velocity of steam, ft. per second........... 

Aire Hows Mb. per HOUr ss, Asis wie,o 042522 0% cv. n 


Steam Pressure Ps, lb. per 
Specific Volume of eee oa is per lb..... 
Steam flow, cu. ft. per second............. 
Velocity of steam, ft. per second........... 
Air flow, lb. per hour. 


Steam Pressure Ps, lb. per sq. in........... 
Specific Volume of Steam, cu. ft. per lb..... 
Steam flow, cu. ft. per second............. 


| Velocity of steam, ft. per second........... 


Air flow: tb. per hours. d.cc0 5 avec sciscscs 


Steam Pressure Ps, lb. per sq. in 
Specific Volume of Steam, cu. ft. per lb..... 
Steam flow, cu. ft. per second............. 
Velocity of steam, ft. per second........... 
Air flow, Ib. per Rouen cae 


25.1 


679° 


-|3000 


2800 


3500 


804 
4100 


stews 
a eeeee 
pe eeee 


518 
2550 


642° 
3200 


3750 
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eens 


450 
2400 


eens 


tenes 


tenes 


tenes 


4 
a 


ati F535 ae _ 
- NoMENCLATURE 


A+PtF=ltx 


Fig. 54. Diagram to InLtustrATE NOMENCLATURE a 


- Figure 54 illustrates the nomenclature followed in this bulletin in — 
the discussion of stacks and nozzles; other letters and symbols 
occurring in the text are as follows: 


Areas: R = grate area 
~ K = area of flameway through tubes and flues 
w = area of the nozzle 
uw = area of the stack at the minimum diameter 


Velocities: Vn = velocity of mixture at top of stack 
Vi = velocity of steam at nozzle 


I 


Flow: W. = weight of air or gas flowing per hour 
W, = weight of steam discharged per hour 
Q = volume of gas discharged per second 
f — W./ W. 


~~ 2. 2: 


I 


Pressures: Po = pressure of atmosphere 

2 = pressure in smokebox 
draft = Py) — P, 
: = exhaust pressure of steam 


Ue 
Noll 
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Energy: L, = energy in mixture discharged from top of stack 
L, = useful work done 
m = energy efficiency ratio (portion not lost by shock 
loss) 


I 


Densities, etc.: s = density of the gas 


t = density of the steam at the nozzle 
z= 38/t 
e = ratio specific gravity steam at nozzle to 


specific gravity of mixture in stack 


Miscellaneous coefficients, etc.: 
X = Strahl’s resistance coefficient, for resistance of gases 
passing through firebed, tubes and front end 
r = Strahl’s taper factor 
g = gravity acceleration (metric value, 9.8 meters per second 
per second) 


T = “temperament” of boiler, Q// d 


I t 
y (Legein) = — = 
w 2g 


c = acceleration of gravity + specific volume of mixture in 
stack 


